UNIVERSITA
DEGLI STUDI

FIRENZE

DOTTORATO DI RICERCA IN
INGEGNERIA INDUSTRIALE

CICLO XXXII

COORDINATORE Prof. Maurizio De Lucia

Design and characterization by using computational
methodologies and life cycle assessment (LCA) of
devices for energy production from renewable energy

Sources

Settore Scientifico Disciplinare CHIM/06

Dottorando Tutore
Dott.ssa Mobafnmadpourasl Sanaz Prof.ssa Sinicropi Adalgisa
< \,9/) .( { r
) lobd o fu 4
- AN 7

Coordinatore
Prof. De Lucia Maurizio

Anni 2016/2019



Acknowledgement

Firstly, 1 would like to express my sincere gratitude to my tutor Professor Adalgisa Sinicropi, for
the motivation and encouraging my research and for allowing me to grow as a researcher. It has
been an honor to be her PhD student. Your guidance helped me through each step of writing this

thesis.

I would like to acknowledge Professor Riccardo Basosi, your advice all the time of these three
years of research and especially in writing thesis has been priceless and thanks for your brilliant

suggestions.

I would like to show my appreciation to Dr. Maria Laura Parisi, it was great to have the opportunity

to participate your course as a part of my PhD.

| am also pleased to say thank you to Dr. Alessio Dessi and the experimental team in the CNR of

Florence University for their collaboration.

A very special gratitude goes to the “La regione Toscana” for helping and providing the funding

to make my PhD experience.

My sincere thanks go to Professor S. Shahab Naghavi and Professor Yavar Taghipour Azar who
provided me to join their group at the University of Shahid Beheshti in Iran (Tehran), and special

thanks to Professor Naghavi for your great comments on my thesis.
I would also like to thank my thesis committee members, thanks for your insightful comments.

A special thanks to my family. Words cannot express how grateful I am. Mom, dad, Elnaz thanks
for your moral and emotional support, your prayer for me was what sustained me thus far. I would
also like to thank my friends Elahe, Hedieh, Parisa, Samira for your spiritually supporting words.

| want also to thank to my colleague Nahid at Shahid Beheshti University who has supported me



along the way. And most of all | would especially like to express my appreciation to my beloved
Giovanni, you supported me in the hard moments and you were always beside me during the final

stages of this PhD when there was no one close to me and motivated me to try towards my goal.



Table of Contents

1. CHAPTER 1: INtroducCtory REMAIKS ........c.ccciiiiiiiiiisessiss ettt 2
2. CHAPTER 2: State-0f-the-AlT.......ocooveeeieeeeeeeece ettt as 6
2.1 RENEWADIE ENEIQY ...ooviivieieieeeeesttete ettt sttt e e s be et e st e eraebesbe e st e sesssesesbeensesteeseensenseanes 6
2.2 PROTOVOITAICS. ...ttt ettt sttt nn bt 8
2.2.1 Traditional Silicon Solar CellS..........cccoeiiiiieiee e 8
2.2.2 TRIN-FIlM SOIAE CeIIS......eoiiiiiiiieee ettt 10
2.2.3 EMErging SOIAr CellS .....c.couiiiiiiiirieiecee ettt e 10
2.2.4 SOlar Cell EFFICIBNCIES .....c.ooveiirieiiriciirtceteerte ettt 10
2.2.5 Global Installed CapaCity .......ccoiceeviiiieieieseee ettt e ve e st s re s reeanas 11

2.3 Dye SenSItized SOIAr CEelIS ......c.ooi ittt 12
2.3.1 INitial DEVEIOPIMENT.....c.oomiiiiitieieeteteet ettt ettt se e 12
2.3.2 Components and MECRANISIM ........ccuiiiiiiiicecec ettt s r e 13
2.3.3 SENSILIZEE (DYE)..ueeeeieiteeiecte ettt ettt ettt et st e et et e s te et e s be e st e steebeestesteessentesanensenreennas 16
2.3.4 PROtOVOITAIC PAFAMETETS......c.eoveiiieiiieiiieertest ettt 19

2.4 RETEIEICES ...ttt sttt ettt he bbbt st e b et et et e bt e bt b e e b e st et e e et et e st eneeaeebenbeebentens 21
K O o e I L R |V 1 T o TSR 25
3.1 Computational Chemistry MEtNOAS ..........ccvcviiiiiieicieece et 25
3.1.1 Density FUNCLIONAI TREOKY ......cviiieeeceeete ettt et st s 25
3.1.1.1 The Hohenberg-Kohn ThEOFEMIS .......cccuivieieieeeceee ettt e 25
3.1.1.2 The KOhNn-Sham EQUALIONS .......c.ccceeieiiiiieiesiceeseee sttt st 27
3.1.1.3 Time-Dependent Density Functional Theory.........c.ccocovveevenieeenineeeeceee e 29
3.1.1.4 HYbrid FUNCHIONAL ....c.oovieeeeeeeeee ettt ettt sttt e 30

3.1.2 SOFEWANE USEA.......oeniiiieiiieete sttt ettt ettt 30

3.2 Life CYCIE ASSESSIMENT.....ccticeeeietieteste st ete st ettt et e st et e ste e et e s e e s e steesaesesseessestesssessesseensessennses 32
3.2.1 Goal and Scope DefiNITION ........ccocieceeceeeceeere ettt see s 34
3.2.2 Life Cycle Inventory ANalySiS (LCH) c.uooeeiiiieieieiee sttt s 36
3.2.3 Life Cycle Impact ASSESSMENT (LCTA) ...ttt st 36
3.2.4 Life Cycle INTErPretation.........coo ettt sttt ae e 37

3.3 Life Cycle Assessment IMpIementation ...........ccoeveviiiecene et 37
B4 RETEIBICES ...ttt b bbbttt ettt b et b 40
4. RESUITS AN DISCUSSION.....c.viiviiiieiieiieiieitete sttt ettt sb e s b ettt b e sb e b sa e e e e st senbesre s e 43
R - T =T ol O OO OU TSV P VST PPTOPRPRR 43



A = 1 LT ol U
G B = 1 o =Tl I I S



List of Abbreviations

APAC
BIPV
CdTe
CB
CE
CED
CIGS
CSP
CZTS
DFT
D-n-A
DSSC
EC
EPFL
FF
FMO
FTO
GaAs
HOMO
ISO
ITO
KS
LCA
LCI
LCIA
LHE
LUMO
MEA
NIR
NREL

Asia-Pacific

Building-Integrated Photovoltaics
Cadmium Telluride

Conduction Band

Counter electrode

Cumulative Energy Demand

Copper Indium Gallium Selenide
Concentrating Solar Power

Copper Zinc Tin Sulfide

Density Functional Theory
Donor-bridge-Acceptor

Dye Sensitized Solar Cell

European Commission

Ecole Polytechnique Fédérale de Lausanne
Fill Factor

Frontier Molecular Orbitals

Fluorine Doped Tin Oxide

Gallium Arsenide

Highest Occupied Molecular Orbital
International Standardization Organization
Indium Doped Tin Oxide

Kohn-Sham

Life Cycle Assessment

Life Cycle Inventory

Life Cycle Impact Assessment

Light Harvesting Efficiency

Lowest Unoccupied Molecular Orbital
Middle East-Africa

Near-Infrared

National Renewable Energy Laboratory



OPV
PCE
PES
PSC

Pt

PV
QDPV
QM

Ru
SETAC
Si

TCO
TDDFT
TiO,
UNEP

Organic Photovoltaic

Power Conversion Efficiency

Potential Energy Surface

Perovskite Solar Cell

Platinum

Photovoltaic

Quantum Dot Photovoltaic

Quantum Mechanics

Ruthenium

Society of Environmental Toxicology and Chemistry
Silicon

Transparent Conductive Oxide
Time-Dependent Density Functional Theory
Titanium Dioxide

United Nations Environment Programme

Vi



CHAPTER1

Introductory Remarks



1. Introductory Remarks

This thesis focuses on the design and characterization of more efficient components for Dye-
Sensitized Solar Cells (DSSCs), an example of innovative latest generation photovoltaic systems.
DSSCs are considered as a promising alternative to silicon solar cells due to their low cost,
flexibility and facile fabrication. However, a low photo-electric conversion efficiency and stability
of these cells are the main obstacles for their large-scale commercial applications. An emerging
challenge is to find an optimum set of materials to improve the performance of DSSCs. One of the
key components to optimize is the light absorbing dye (also referred as sensitizer) that is employed
to enhance light harvesting of TiO2 nanoparticles. Indeed, sensitizers are responsible for DSSCs

photovoltaic performances, transparency and color.

In this context, purely organic dyes, not containing rare metals, such as ruthenium and other
transition metals, and bearing potentially favorable properties, have been introduced. They can be
easily prepared using potentially low-cost procedures, have large molar extinction coefficients and
their molecular structure, mainly based on the “donor-bridge-acceptor” (D-n-A) structural motif,

can be easily modified by means of appropriate molecular design and synthesis.

To this regards, computational chemistry methods can be used to predict the main optoelectronic
and electrochemical properties of these sensitizers and thus allowing the design of novel and more
efficient dyes for DSSCs applications. Indeed, using these methods, it is possible to compute
molecular geometries, vertical excitation and emission maxima, frontier molecular orbitals
energies and ground and excited redox potentials. These are key features to check, even prior to
the synthesis, the efficiency of investigated sensitizers saving time, efforts and resources. In
particular, to be a good dye-sensitizers, it has to: i) strongly absorb the incident photons in the

visible to near-infrared region of the spectrum; ii) hold a correct “alignment” between its energy



levels and the other relevant electrochemical potentials of the cell, iii) show a charge transfer
nature of its excited states; iv) possess a strong electron coupling of its excited state to the
semiconductor manifold of unoccupied states to ensure an efficient electron injection into the TiO>
conduction band. Moreover, if building integration and indoor applications are considered,
sensitizers having a blue and green color would be of great interest both for their attractive colors

and their capability to absorb in the red and near-infrared region of the spectrum.

Due to the desired large conjugation of the sensitizers and hence the large size of these molecules,
the computational methods of choice are based on density functional theory (DFT) and its time-
dependent extension (TDDFT), which have been proven to accurately reproduce optical and

electrochemical properties of various D-n-A structures.

Considering all these issues, in this thesis, DFT and TDDFT have been applied to: i) the design of
a new family of unsymmetrically substituted sensitizers containing the (E)-3,3’-bifuranylidene-
2,2'-dione heterocyclic system (Pechmann lactone) for application in DSSCs with the aim of
developing higher-performance devices and to increase their commercial appeal; ii) predict the
ground state oxidation potential of organic dyes having a medium to large conjugation length
which is of paramount importance for the rational design of novel organic sensitizers and greatly

contribute to the development of more efficient devices.

Another scope of this thesis is the assessment of the environmental performances connected with
the fabrication of DSSCs components, namely the sensitizer, through the application of the Life
Cycle Assessment (LCA) methodology. Indeed, to evaluate the sustainability of photovoltaic
devices, the investigation of the environmental impacts generated during their fabrication is
essential in order to improve and optimize the energy and resource efficiency of manufacturing

processes and, ultimately, the environmental footprint of the device. This assessment becomes of
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paramount importance especially for photovoltaic devices based on innovative technologies that

stand out for the use of alternative materials than traditional semiconductors.

LCA is a quantitative method, regulated by the ISO 14040 and 14044 Standards, that allows to
calculate the potential impacts associated with a product, process or service. It is considered by
the European Commission as the only tool with a scientific basis useful for understanding the
environmental loads of a product or process as it provides verifiable quantitative data and allows
the identification of the most critical environmental aspects on which to intervene to improve the

environmental profile of the analyzed system.

In this thesis, LCA has been employed to investigate the environmental profile of alternative
protocols for the synthesis, and eventually the production scale-up, of an organic dye bearing a
thiazolo[5,4-d]thiazole ring as central unit, namely the TTZ5, that has been successfully proposed

as a sensitizer for the manufacturing of DSSCs.

The remainder of this thesis is organized as follows: in Chapter 2, after a brief section on renewable
energies (Section 2.1), the state of the art on photovoltaics technologies (Section 2.2) and DSSCs
(Section 2.3) is presented. Chapter 3 collects details on the methodologies employed and in
particular, Section 3.1 deals with computational chemistry methods and Section 3.2 with Life
Cycle Assessment approach. The results obtained in this thesis’s work are collected in three papers
published or submitted to peer-reviewed international journals and they are inserted in Chapter 4,

Sections 4.1-4.3.



CHAPTER I

State-of-the-Art



2. State-of-the-Art
2.1 Renewable Energy

One of the fundamental challenges that societies have faced in 21% century is the crisis of energy
that ideally should be solved in an environmentally friendly way and using sustainable energy
resources such as solar energy. The ever-increasing demand in energy supplies has accelerated
fossil fuels depletion. The fossil fuels beside to the limited availability and non-renewability,
severely cause an environmental pollution and consequently global warming. It is estimated that
the reserves of fossil fuels around the world could last 40-55 years for oil, 55-70 years for natural
gas and 110-160 years for coal, moreover for radioactive material such as uranium is projected for

40-45 years. [1].
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Figure 2.1. Total energy consumption 2000-2018 [2].
In the diagram above, the constantly increasing demand for energy around the world which leads

to increasing in energy consumption vs. time is showed [2]. In 2018, energy consumption is

speeding up by 2.3% which is caused by high demand for electricity and gas. China, which is the



world’s largest energy consumer since 2009, had 3.7% growth rate in energy consumption in 2018.
On the other hand, energy consumption in the European Union has decreased mostly due to the

energy efficiency improvement and lower consumption in the power sector [2].
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Figure 2.2. Energy consumption 2018 (unit=Mtoe) [2].

In this scenario, unless we give renewable energy a serious thought, the problem of energy crisis

cannot be solved. Currently, many countries are oriented to the broader exploration of renewable

energy sources.
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Figure 2.3. Renewable energy consumption by technology, 2017-2023 [3].

Bioenergy and hydropower are dominant renewable sources which are mainly exploited, but their

share of total renewable consumption decrease from 2017 to 2023 as shown in the above diagram,



instead solar PV and wind are increasing from 2017 to 2023 [3]. Geothermal, Tidal and solar

energy are other renewable energy sources.

Among renewable energy technologies, solar energy technologies have a great potential to produce
energy and can improve rapidly as solar energy is one of the most abundant resources in the world.
As well known, the sun strikes the earth in 1 hour providing more energy than all of the energy
consumed by humans in an entire year [4]. Photovoltaic system (PV) is one of the four solar energy
technologies, the others are concentrating solar power (CSP), solar thermal and solar fuels. PV is
the field of technology related to the devices which directly convert sunlight into electricity. The
basic building block of PV systems is PV solar cells. Solar cells are made of semiconductor

materials, which are fundamental components that carry out the conversion of light into electricity.

2.2 Photovoltaics

Albert Einstein has explained the photovoltaic effect when he has published his famous paper in
1905 [5]. After that, the research in this area continued and developed to prepare solar cell
materials that are currently used in PV technology. PV technology based on silicon wafer solar
cells developed by the beginning of 20" century. Photovoltaic cells based on their primary active
material are classified in three generations, which are named respectively traditional silicon solar

cells, thin-film solar cells, and emerging solar cells.
2.2.1 Traditional Silicon Solar Cells

This technology is mainly based on a crystalline semiconductor which is silicon. They are the first
commercially available photovoltaics technologies. This type of PV solar cell is currently

dominant in the market due to their high efficiency (n=25%) and long durability (20-25 years),



This first generation of solar cells (see Figure 2.4) is well-matured in terms of their technology and

fabrication process. These cells are based on two main types of silicon:

1- Monocrystalline

2- Polycrystalline

The monocrystalline is made from a single crystal of silicon, while polycrystalline is made from
many silicon fragments melted together. The electrons that generate a flow of electricity have more
room to move in a cell composed of a single crystal, thus monocrystalline silicon-based panels
have higher efficiencies than polycrystalline options, therefore monocrystalline panel can produce
more watt per hour using less materials, and thus less space. They have a darker black color while
polycrystalline solar panels typically are bluer. Besides the crystalline silicon-based solar cells,

also those cells which are made of GaAs wafer are classified in the first generation.

PV Technology

GaAs & . . . . . .
Crystalline v Conventional Thin-film Emerging Thin-film
. Single (2t Generation PV) (3™ Generation PV)
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Figure 2.4. Main classes of PV technology.



2.2.2 Thin-Film Solar Cells

Second-generation solar cells were developed with the aim of reducing the costs of materials and
manufacturing process through the utilization of thin-film technology, thus they are usually called
thin-film solar cells. In fact, when compared to crystalline silicon-based cells, they are made from
layers of semiconductor materials only a few micrometers thick. In this technology, the
semiconductor of the most used cells is amorphous silicon [6], cadmium telluride (CdTe) [7], or
copper indium gallium selenide (CIGS) [8]. As thin-film solar cells are semitransparent and
flexible and lightweight they can be applied as window glazing for the building-integrated

photovoltaics (BIPV) market.
2.2.3 Emerging Solar Cells

Third-generation technologies or emerging solar cells have tried to overcome the theoretical solar
conversion efficiency limit which was calculated in 1961 by Shockley-Queisser [10]. They include
Dye-sensitized solar cells (DSSCs), perovskites solar cells (PSCs), organic photovoltaic (OPV)
and quantum dot (QDPV). They are considered as promising inexpensive alternative to traditional
silicon-based PV. Most of the third-generation solar cells are still in research step by the aim of
optimizing the energy conversion efficiency and stability, which are the two major challenges for

the commercialization.
2.2.4 Solar Cell Efficiencies

Figure 2.5 shows the efficiency of solar cells evaluated by the National Renewable Energy
Laboratory (NREL) [10]. The latest registered efficiency for DSSCs which are subjected in this

thesis is 12.3% that is achieved by Ecole Polytechnique Fédérale de Lausanne (EPFL).
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Figure 2.5. Efficiency chart for solar cells [10].

2.2.5 Global Installed Capacity

The total installed PV power capacity reached half a terawatt by the end of 2018 [11]. Since the
beginning of the century total solar power has increased by nearly 320 times. One year earlier at
the end of 2017, the total global solar power capacity reached to 400 GW, therefore in a year, the
installed PV capacity improved 100 GW. More than half of the increased global power generation
capacity in 2018 refers to the Asia-Pacific (APAC) region, Europe has the second position and the
Americas has the world’s third position. The world market share of the Middle East and Africa

(MEA) have slightly increased.
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Figure 2.6. Global total solar PV installed capacity 2000-2018 [11].

2.3 Dye Sensitized Solar Cells
2.3.1 Initial Development

DSSCs were first invented by Gratzel and O’Regan in 1991 as a promising inexpensive alternative
to traditional silicon-based PV cells [12-16]. There are several features that turn DSSCs to a
promising candidate for solar cell applications such as easier production process compared to
silicon cells, high transparency, tunable color, high mechanical flexibility and ability of working
under diffused light [17-23]. Even though the conversion efficiency of dye-sensitized solar cells is
lower than that of other solar cells, they can still play a role in the solar market, in particular
because their aesthetic and transparency can allow their integration into building-integrated
photovoltaic (BIPV) applications [20,24,25], moreover their high efficiency under indoor lighting

is considerable [22]. Recently Cao and his coworkers introduced an advance structure of DSSCs
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that achieved power conversion efficiency (PCE) over the best available silicon or GaAs based
photovoltaics, they have reached 32% under artificial indoor light and 13.1% under sunlight

illumination [23].

2.3.2 Components and Mechanism

- Components of DSSCs

The DSSCs contain a set of different layers (see Figure 2.7), including:

I.  Glass substrate
Il.  Transparent conductive oxide (TCO)
1. Nanocrystalline semiconductor (generally TiO2)
IV.  Sensitizer (dye)
V.  Electrolyte

VI.  Counter electrode (generally Pt)

Glass

TCO

Pt

I,/

TCO

Glass

Figure 2.7. Schema of DSSC
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Glass substrate and Transparent conductive oxide (TCO)

DSSCs are made up of two highly transparent glass sheets that are coated with a thin layer of
conductive oxide. Conductivity and transparency are of course critical for this application as they
let the sunlight pass to the effective area of solar cell. Conductive oxides are typically fluorine

doped tin oxide (FTO) or indium doped tin oxide (ITO) [26].

Nanocrystalline semiconductor

Nanocrystalline Semiconductors perform as a scaffold for the dye sensitizer. A layer of
mesoporous semiconductor oxide (TiO2, ZnO or SnOy) is deposited on a TCO to makes photo-
anode. The deposition technique for the thin film preparation is screen printing. Among all
semiconductor oxides, TiO2 is the most common choice due to its appropriate properties: high
porosity for dye loading, high conductivity, high stability, appropriate band alignment with respect

to dye and electrolyte, nontoxicity, biocompatibility, abundance and low cost [26].

Sensitizer (dye)

Sensitizers are the key material of the DSSC since they harvest the solar energy. Sensitizer is
covalently bonded to the semiconductor via anchoring group such as carboxylic group. A strong
absorption of the dye molecules on the surface of semiconductor leads to a more efficient electron

injection from an excited state of the dye to the conduction band (CB) of the semiconductor.

Electrolyte

Currently, the most common electrolyte is liquid containing iodide/triiodide, however in 2010
cobalt was used as redox mediator [27]. The ideal electrolyte is the one with low viscosity, high

dielectric properties, high boiling point and environmental sustainability. The electrolyte

14



containing iodide/triiodide redox couple is convenient choice for DSSCs as it shows appropriate
characteristics such as high thermal and chemical stability, high ionic conductivity and non-
volatility. The durability and lifetime of DSSCs can be reduced by degradation mechanisms like
the leakage, corrosion of the Pt counter electrode by the iodide/triiodide redox couple of electrolyte
and detachment of dye of the semiconductor surface which can reduce the long-term stability of

the cells [23,28,29]. For these reasons, solid state electrolytes have been developed [30].

Counter electrode (CE)

The Counter electrode (CE) consists of TCO sheets coated with Pt [31]. Pt is an appropriate
material for the CE due to its good catalytic activity, excellent performance in reduction of I3~ and

transparency.

-Mechanism of DSSCs

DSSCs have a process similar to natural photosynthesis. As shown in Figure 2.8, the absorption
of solar energy by the sensitizer (dye) causes excited electrons to be injected to the CB of the
semiconductor, generally TiO.. The injected electrons diffuse through the nanocrystalline
semiconductor to the photo-anode (FTO), then passing through the external circuit (generating an
electric current) toward the counter electrode (cathode). These electrons are then collected by the
electrolyte that contains redox couple (17/13°). Finally, the oxidized dye molecules are reduced to
their original ground state by reduced species of the electrolyte and the circuit is closed [32,33].
There are some undesirable recombination processes that should be avoided. Indeed, the injected
electrons from the CB of TiO> may recombine either with the oxidized dyes or with the redox

couple lowering the photovoltaic performances of DSSCs.
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Figure 2.8. Electron transfer process in DSSC

2.3.3 Sensitizer (Dye)

Dye has essential role in absorbing and converting solar energy to electricity. An efficient

photosensitizer should:

e Absorb strongly on the surface of the semiconductor by its anchoring group;

e Have a high extinction coefficient;

e Be stable enough in its oxidized state to be reduced by the electrolyte;

e Be stable long enough in its excited state to permit an efficient electron injection to the CB
of semiconductor oxide;

e Absorb largely in the visible region of the spectrum and even in the near-infrared (NIR);

e Have LUMO energy levels higher than the CB of the semiconductor and HOMO energy

levels lower than the redox potential of the electrolyte. These requirements (see Figure 2.9)

16



allow for an efficient electron injection and an efficient regeneration of the oxidized state

of the sensitizer [34,35].

Redox

potential
HOMO . I/l

Figure 2.9. Alignment of semiconductor/dye/redox couple energy levels

In general, there are three main classes of photosensitizers:

1) Metal complex sensitizers

Among metal complexes, Ru(Il)-polypyridyl complexes have been synthesized and have shown

the best photovoltaic properties with a photoconversion of 11.7% [36] .

ii) Natural sensitizers

They can be extracted from flowers, fruits and vegetables in the form of anthocyanin, carotenoid,

flavonoid and chlorophyll pigments. Although they have positive features such as easiness of

extraction, low cost and toxicity, their low efficiency severely limits their application.

17



iii) Metal free organic sensitizers

Metal free organic dyes have been developed as an alternative to metal-based complexes whose
cost, low availability and toxicity limit the large-scale application. Metal free organic sensitizers
have high molar extinction coefficient, tunable energy levels and low-cost preparation processes.
The impressive performance of organic dyes has yielded an efficiency over 12.5% [37]. Efficient
organic sensitizers have a D-n-A structure (see Figure 2.10) that is made of a donor (D), a
conjugated linker () and an acceptor (A) [38-40]. In this system an electron-rich group role as the
donor group (D), that could be linked through a conjugated linker (x) to the electron-deficient

acceptor (A) which acts as the anchoring group linked directly to the semiconductor.

Figure 2.10. D-n-A structure

Two other successful structures are made of an auxiliary acceptor (D-A-n-A) or donor (D-D-n-A)
added to the basic structure that can improve stability, facilitate the intramolecular electron
transfer, inhibit dye aggregation and enhance photovoltaic performance [41-43].

The aggregation of dye molecules on the semiconductor surface should be avoided by

incorporating long alkyl chains and aromatic groups into the dye structure.

18



The easily tunable D-n-A or D-A-n-A structure of the organic dye is a key to influence the level

of HOMOs and LUMOs and thus to enhance their photovoltaic performances [44].

2.3.4 Photovoltaic Parameters

The solar energy-to-electricity conversion (power conversion efficiency) that mainly govern the
performances of DSSCs is represented by the following equation [45,46]:

Jsc Voc FF

PCE = 1)

(0]

Jsc stands for the short-circuit current, and is the current which flows under illumination and is

expressed as [45]:
Jsc = fl LHE (A)(Dinjectncollect dA (2)

Where LHE (4)is the light harvesting efficiency, ®;, j..is electron injection efficiency and n.oy;ec¢

is the electron collection efficiency. In DSSC with only different dyes, the 71.p1ec: Can be

reasonably considered constant, therefore the increasing of J;. depends onthe LHE (A)and @y, jec;.

The open circuit voltage (V) is the voltage at the open terminals under illumination and is given

by:

Where Ep = 22 — k:T In (L) (3)

e N¢p

Where E, is the energy level of the TiO, CB, k is the Boltzmann constant, T is the temperature, n

is density of CB electrons in TiO2 and e is the elementary charge [47].
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The FFstands for the fill factor and is the ratio of the maximum power PB,,,, to the product of J.

and V,. . FF is described by the following equation:
_ ]max Vmax (4)

FF =
]SCVOC

And I, is the intensity of incident solar power on the cell (generally 100 mW cm-2).
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3.Methods
3.1 Computational Chemistry Methods

In this paragraph, a brief introduction to the basis of density functional theory which has been used

in this thesis is described.
3.1.1 Density Functional Theory

Density functional theory, as we know it today, was born in 1964 when a landmark paper was
published by Hohenberg and Kohn in Physical Review. The theorems proved in this paper are the
main theoretical pillars of the all density functional theories [1-5]. Each of the theorems are

presented here.
3.1.1.1 The Hohenberg—Kohn Theorems

Hohenberg and Kohn proved that for molecules with a non-degenerate ground state, the ground
state energy and all other molecular electronic properties are uniquely determined by the ground
state electronic probability density p, [1]. The ground state electronic energy E, is a functional of

Po, that is

Ey = Eo[po] 1)
Square brackets represent the functional relation. In fact, density functional theory attempts to
calculate E, and other ground state molecular properties from ground state electronic density p,.

Electrons interact with each other through an external potential.

Suppose two different external potentials v, and v, correspond to a non-degenerate ground state
density p,y. These two potentials have two Hamiltonian H, and H,, respectively. Each of these

Hamiltonian, will be associated with a ground state wave function, and its eigenvalue E,. The
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variation theorem of molecular orbital theory states that the expectation value of Hamiltonian a

over the wave function b must be greater than the ground state energy a, i.e [1,4].

Eoq < (¥op|Ha|¥Pop) (2)

We can rewrite this as follows

Eoa < <l‘U0,b|Ha — Hp + Hb|l‘UO,b>
< (lluo,b|Ha - Hb|lluo,b> + (lpo,b|Hb|'1U0,b> 3)
< (¥op|va — vp|Pop) + Eop

Since v potentials are one-electron operators, we can write the last line integral as ground state

density terms

Eou< f [0a(?) — vy (D]po(Ddr+Eo, @

We do not differentiate between a and b, so we can write the same expression for b

o< [ 105 = v (Moo +Enq )

By adding two inequalities we get

Eoa+ Eop < f[vb (r) —va(M)]po(r)dr + f[va(r) —vp(M)]po(r)dr + Eqp + Eg 4

< f [0 (F) = V() + Ve (™) — vy ()]po()dr + Eqp + Eoa (6)
< Eo,b + ona

We came up with an impossible result, so we conclude that our initial assumption was wrong.
Therefore, the density of the non-degenerate ground state must determine the external potential
and therefore the Hamiltonian and wave function. Hamiltonian not only specifies the ground state
wave function, but also all the wave functions of the excited states. Therefore, much information

is hidden in density.
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The Hohenberg—Kohn Variational Theorem

The first Hohenberg-Kohn theorem does not tell us how to predict the density of a system. Like

molecular orbital theory, here we need something to help optimize our fundamental quantity [4].

Suppose we have a well-behaved density that gives the number of electrons N by integrating. The
first theorem states that a density determines a wavefunction and a Hamiltonian. We can calculate
an expectation value of energy. Therefore, we can choose different densities and know those that
provide lower energies are more accurate. In their second theorem, Hohenberg and Kohn showed
that density follows a variation principle. They proved that for any trial density function p,, that

satisfies the following two conditions for all r [1]

fptr(f)df= n and pn (D=0 (7)

the following inequality holds

8

EO < Ev [ptr] ( )
Since E, = E,[po], the true ground state electronic density minimizes the energy functional
E,[ps]. Hohenberg and Kohn proved their theorems only for non-degenerate ground states, but

Levi also proved these for degenerate states [4].

So far, we have found a correspondence between density and Hamiltonian and wave function and
therefore energy, but we have not presented any mathematical formalism for how density can
determine energy in a variational equation without using the wave function. Such an approach was

first introduced in 1965.

3.1.1.2 The Kohn-Sham Equations
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The considerable step in developing the modern density functional theory was in 1965 when Kohn
and Sham arranged a practical method for finding p, and, E, from p, [6]. The results of their
formulation on DFT is known as the Kohn-Sham (KS) method, which is capable, in principle, of
yielding the exact results, but due to the presence of an unknown term, it yields approximate results
[1]. They assumed that the original many-body interacting system could be replaced by
considering a fictitious system reference of non-interacting electrons with ground state density

same as the original system [7]. The energy functional is described as [4],

Elom] = Tuilp(M] + Ve [p()] + Vee [p(r)] + AT[p(r)] + AV, [p(1)] 9)
The components in the above equation refer to the kinetic energy of the non-interacting system
Tn:[p(r)] , the nuclear-electron interaction (V,,.[p]), the electron-electron repulsion (V,.[p]), the
correction to the kinetic energy for the interaction of electrons AT[p(r)] and all non-classical
corrections to electron-electron repulsion energy AV,.[p(r)]. Within an orbital expression for the
density, we can rewrite the equation (9) as,
N nuclei (10)

E[p(r)]=z < |- V2|xl> il z In i)

l

+Z<l| L ) + Eee 0]

where N is the number of the electrons and the density is defined as,

p = bl (1)

E,. is placed instead of complex terms AT[p(r)] + AV,.[p(r)] and is known as exchange-

correlation energy.
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The orbitals y that minimize E in Eq. (11) must satisfy the Kohn-Sham equations

h{{SXi = & Xi (12)
where the Kohn-Sham (KS) one electron operator described as

nuclei

p(F)
hiS = v — V. 13
l z ol ) oA e &)
SE,,
Vee = (14)
6p

where V.. is functional derivative. Using the orbitals in Eq (12) we can write the slater

determinantal form of Kohn-Sham equations as follows,

N N
DR e ) = Y btz - xn) (15)
i=1 i=1

To calculate the KS orbitals in this method one uses an initial guess of the electron density. The
Kohn-Sham orbitals are ones for the fictitious reference system of noninteracting electrons, thus
provide the exact molecular ground-state p which can be calculated from.

3.1.1.3 Time-Dependent Density Functional Theory

Time-dependent DFT (TD-DFT) was developed by extension of DFT to calculate properties of
excited electronic state. The formal foundation of TD-DFT is done by Runge-Gross Theorem [8],

and described as:

_ 2
AY=i—W¥ (16)
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The Hamiltonian and the wavefunction are a function of the spatial coordinates and the time. The
wavefunction can be calculated at any time (t) by this equation. (considering to the initial time for

the system) [9].

3.1.1.4 Hybrid functional

Exchange in DFT is an approximation based on free-electron model and thus not suitable for the
molecular systems where electrons are strongly localized. One the other hand, in Hartree-Fock
(HF) method the definition of exchange is exact and come directly from the Slater-Determinant.
Becke found that adding a portion of HF exact exchange to DFT can improve the accuracy of DFT
for the molecular system. The new mixed functional is called Hybrid functional. He has developed
one of popular exchange functionals, B3, which is twinned with Lee-Yang-Parr (LYP) functional
to make B3LYP. One of the broadly used hybrid functional is B3LYP functional in molecular
calculations [10]. This thesis uses hybrid functional B3LYP and MPW1K [11,12] as they were

successfully applied in previous works [13].

3.1.2 Software Used

1. Avogadro: a molecular editor and a visualization tool that allows constructing and
visualizing 3D molecules. It is also useful to visualize the molecular orbitals [14].

2. Gaussian 09: the computational software to run many kind of calculations. In order to
perform a calculation, an input file with .com extension has to be specified and the program
will generate an output file with .log extension [15].

3. PuTTY: the open source software that allows to manage with informatics remote

systems [16].
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4. WInSCP: the software that allows the file transfer between a local and a remote
computer [17].
5. Molden: the program that allows the molecular and electronic structure pre- and post-

processing [18].
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3.2 Life Cycle Assessment
The origins of Life Cycle Assessment (LCA) dates back to the late 1960s and early 1970s, when

the energy crisis had led companies to think of effective solutions for saving energy since their
customers were demanding more energy-efficient products [19-22]. The evolution and
strengthening of LCA concept have been largely supported by the activity of the Society of
Environmental Toxicology and Chemistry (SETAC) in the following years [23]. In 1993, SETAC
gave the first official definition of LCA as a strategic tool to evaluate the environmental burdens
associated with a product, process, or activity thanks to its potential to analytically identify and
quantify energy consumption, material usage and emissions to the environment. Beside the
essential work of SETAC for LCA methodological development, the International Standardization
Organization (ISO) [24], has been involved in LCA standardization since 1994. The
methodological structure defined in the first edition of the ISO 14040 series organized the LCA
approach in four phases, namely the (i) goal and scope definition, (ii) life cycle inventory, (iii) life
cycle impact analysis and (iv) life cycle improvement analysis. This framework is still used in the
LCA process method. Thanks to the synergy among SETAC, ISO and the United Nations
Environmental Programme (UNEP) [25-26], environmental LCA had remarkable and fast growth

over the last three decades [27].

Nowadays LCA is internationally acknowledged as a quantitative method, that allows to calculate
the potential impacts associated with a product, process or service. It is considered by the European
Commission as the only tool with a scientific basis useful for understanding the environmental
loads of a product or process as it provides verifiable quantitative data and allows the identification
of the most critical environmental aspects on which to intervene to improve the environmental

profile of the analyzed system.
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LCA could play an essential role in supporting environmental product policy and legislation. The
impact of products on the environment has become one of the main elements of decision-making

processes,
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Figure 3.1 Life cycle assessment (LCA) process

The methodological framework and the guidelines of the LCA approach are reported in the 2006

edition of the international 1SO 14040 and 14044 Standards [28-29].

LCA results allow for the identification of the environmental hotspots of the entire life cycle,
highlighting the products or processes that have the highest load on the environment. These results
and information are crucial for decision-makers, giving them proper support to implement policies

related to the environmental impact mitigation and sustainable development.

According to the ISO standards, the application of LCA is performed through 4 main phases (Fig

3.2)

1. Goal and Scope Definition
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2. Life Cycle Inventory Analysis
3. Life Cycle Impact Assessment

4. Interpretation
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Figure 3.2 LCA methodological framework

3.2.1 Goal and Scope Definition

Goal and scope definition is the first step of LCA method and it represents the fundamental phase
in which the study model is defined as well as the methodological framework of the study. Two
basic elements for and LCA study are defined at this level: the functional unit and the system
boundaries. The functional unit is the unit of measure on which all input and output flows are
normalized. The system boundaries describe the system being studied, and which activities, the

so-called process units, have to be included and investigated in the LCA analysis (Figure 3.3).
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Figure 3.3. Sketch of the system boundaries of the Dye Sensitized Solar Cells production phase

Furthermore, during goal and scope definition the following items are considered too:

* Determining the reasons of the study;

* Intended audience and use of results;

« Data quality and requirements;

* Identifying study limitations and assumptions;

* Type of the report required for the study.

During the LCA study, changes may happen in goal and scope definition, as LCA is an iterative
process. This step can guide the entire LCA procedure to confirm if the most related results are

attained.
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3.2.2 Life Cycle Inventory Analysis (LCI)

Life Cycle Inventory (LCI) consists of a list of the input and output material and energy flows
characterizing the whole life cycle of the system as defined in the goal and scope phase. In this
step the data collection is performed to develop a list, as much detailed as possible, of raw materials

and energy amounts involved in all the process units included in the system boundaries.

3.2.3 Life Cycle Impact Assessment (LCIA)

In this step, the extent of environmental changes generated by the outflows to the environment and
raw materials consumption produced by the case system is highlighted. Practically, the magnitude
of the potential environmental impacts generated by the case system under investigation is
calculated by linking life cycle inventory data to specific environmental impacts and expressing
the results through related indicators. The LCIA phase is divided in different steps recommended

by the I1SO standards:

a) Classification: inventory data are assigned to impact categories. These categories show the
environmental impacts caused by the emission and consumption of natural resources during the

product’s life cycle (obligatory step according to the 1SO).

b) Characterization: after the LCI results are assigned to various impact categories, the
characterization of the impacts must be performed. This task is accomplished using
characterization factors that specify the relative load of LCI results to the pertinent environmental
impact category by quantifying the contribution thata product or service has in

each impact category (obligatory step according to the ISO).

¢) Normalization: this step allows the calculation of the magnitude of the results of impact category
indicators relative to some reference values (optional step according to the I1SO).
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d) Weighting: this step involves the conversion of the normalized results of each of the impact
categories using weighting factors into values that expresses the relative importance of the impact
category. The weighted results all have the same unit and can be added up to create one single
score for the environmental impact of a product or scenario. This step mostly dedicated to complete
information about ecosystem functions, where numerous environmental parameters are weighted
and various environmental impact categories reflecting the comparative importance of the impacts

are considered (optional step according to the 1SO).

Several LCIA calculation methods have been developed to support in the implementation of the
LCIA phase. Nowadays, there are several LCIA methods that can be used to assess the
environmental impact of a system and the choice is mainly driven by the purpose of the study.
Each method differs from the others in the way it performs the calculation and presents the final

results.
3.2.4 Life Cycle Interpretation

Interpretation is the fourth phase of LCA in which the data from the inventory analysis and the
impact assessment are evaluated together. The interpretation step should present results that are
associated with the defined goal and scope, and it includes conclusions, explanation, and
limitations and provides recommendations. The outcomes of this step can support the decision-

making process.
3.3 Life Cycle Assessment Implementation

LCA has been demonstrated to be an effective and powerful tool for the evaluation of
environmental burdens associated with the life cycle of PV systems [30-37]. The environmental

impact of the PV systems is mainly associated with their production and disposal processes rather
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than the operation phase, since the latter includes almost no greenhouse gas emission. Indeed, to
evaluate the sustainability of PV devices, the investigation of the environmental impacts generated
during their fabrication is essential in order to improve and optimize the energy and resource
efficiency of manufacturing processes and, ultimately, the environmental footprint of the device.
This assessment becomes of paramount importance especially for photovoltaic devices based on
innovative technologies that stand out for the use of alternative materials than traditional

semiconductors.

In this thesis, the assessment of the environmental performances connected with the fabrication of
DSSCs components, namely the sensitizer, through the application of the LCA methodology has
been performed. More in details, LCA has been employed to investigate the environmental profile
of alternative protocols for the synthesis, and eventually the production scale-up, of an organic dye
bearing a thiazolo[5,4-d]thiazole ring as central unit, namely the TTZ5, that has been successfully

proposed as a sensitizer for the manufacturing of DSSCs [38].

Two LCIA method were employed for the analysis:

1 - the ILCD 2011 Midpoint+ method, developed by the Joint Research Centre - European
Commission [39]. The primary objective of ILCD is to transform the long list of life cycle
inventory data into a limited number of indicators based on midpoint and endpoint modeling
thanks to specific characterization factors. At the midpoint level, 16 impact categories are
included: climate change, ozone depletion, human toxicity non cancer effects, human toxicity
cancer effects, particulate matter, ionizing radiation human health, ionizing radiation ecosystem,
photochemical ozone formation, acidification, terrestrial eutrophication, freshwater
eutrophication, marine eutrophication, freshwater ecotoxicity, land use, water resource depletion

and mineral, fossil and renewable resource depletion.
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2 - the Cumulative Energy Demand (CED) method [40] is employed to quantify the use of the
direct and indirect energy requirement (in units of MJ) over the whole life cycle of the system. It
quantifies the cumulative energy demand of fossil resources including hard coal, lignite, natural
gas and crude oil, nuclear and other renewable resources like biomass, water, wind, and solar
energy during the life cycle phases of the investigate system and it displays the energy demand as

primary energy values.
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4. Results and Discussion

This thesis is based on three papers that are included in this Chapter 4. In the following, a brief
introduction to the three manuscripts along with a comment to specify candidate’s contribution is

presented:

4.1 New Blue Donor-Acceptor Pechmann Dyes: Synthesis, Spectroscopic, Electrochemical,

and Computational Studies

In this paper that is published in the ACS Omega journal, a new class of blue-colored Pechmann
dyes having a D-A-n-A configuration are designed and their synthesis and characterization are
reported. These organic compounds could have a great interest for application as photosensitizers
in DSSCs due to their particular characteristics such as light absorption in one of the most photon-
dense region of the solar spectrum and their blue color. The presence of Pechmann unit (which is
a strong electron withdrawing unit) as an auxiliary acceptor in the m bridge allows to obtain the

desired optical and electrochemical properties.

The candidate’ s contribution to this paper refers to the application of computational chemistry

methods based on DFT and TDDFT for the prediction of main optoelectronic properties of these
metal free organic dyes. In particular, as for an efficient dye is necessary to have, among other
features, LUMO energy levels higher than the CB of the TiO> and HOMO energy levels lower
than redox couple, FMOs energies are computed and compared to those of the semiconductor and

redox couple and also to those of previous known dye as reference. Moreover, the absorption

dye
ox

maxima (Amax), €xcitation energy (Eexc) and oscillator strength (f))and related LHE, AGinject, E

and Ef,fe*are evaluated including solvent effects via implicit methods. On the basis of the in silico

results, the most promising dyes were proposed and thus synthesized.

43



4.2 Ground state redox potentials calculations of organic dyes for DSSC and Visible-Light-

Driven Hydrogen Production

In this paper that is submitted to the Molecules journal, the in silico prediction of ground state
redox potential (GSRP) of 16 organic dyes is reported. They are computed in terms of Gibbs free
energy changes of the redox reaction using DFT, and in particular the MPW1K functional, which
have been shown to give the best accuracy in previous works, and a polarizable continuum model
(PCM) to take into account solvent effects. The prediction of GSRP is fundamental for a successful
design of more efficient novel organic sensitizers to be employed in DSSCs but also in

photocatalytic systems for the production of Ho.

The DFT predicted values have been compared to the available experimental data showing that

the employed strategy allows to reproduce the GSRP with a mean absolute error < 0.2 eV.

The Ph.D. candidate is first author of the paper and mainly contributed to the computational data

collection, analysis and interpretation.

4.3 Combined LCA and green metrics approach for the sustainability assessment of organic

TTZ5 dye synthesis at lab scale

The development of emerging solar cells based on innovative materials such as DSSCs needs an
evaluation of their environmental impact profile specifically regarding the synthesis of sensitizers.
This paper that is submitted to the Frontiers journal reports the environmental profile of alternative
synthetic protocols for preparation of the metal free organic dye TTZ5, that has been successfully
proposed as a sensitizer for DSSCs The methodology applied relies on a mass-based green metrics

and LCA combined approach to obtain a gate-to-gate assessment. The outcomes of the present
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study clearly show that the LCA results should be carefully taken into account to guide the

preparation of new photosensitizers.

In the context of this manuscript, the candidate contributed to carry out the LCA analysis and its

interpretation.
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ABSTRACT: The design, synthesis, and characterization ofa  Pechmann D-A-m-A Dyes—

new class of blue-colored thiophene-substituted Pechmann o <
dyes are reported. Due to a distinguishing blue coloration and 00 A\
the capability to absorb light in one of the most photon-dense | A\

regions of the solar spectrum, such compounds are of great B s \

interest for application as photoactive materials in organic J A\ S
optoelectronics, in particular, in dye-sensitized solar cells. To \
achieve fine tuning of the optical and electrochemical () o
properties, the electron-poor thiophene-bis-lactone moiety D=DONOR  A=ACCEPTOR o
has been decorated with donor (D) and acceptor groups (A), SnBu3 Bu3Sn
targeting fully conjugated D—A—7z—A structures. The : R
desgigneclg structures ]hagve been investigated by means of Stille Reaction -

DFT and time-dependent DFT calculations, and the most

promising dyes have been synthesized. These molecules represent the very first preparation of unsymmetrical Pechmann
derivatives. Optical and electrochemical properties of the new dyes have been studied by cyclic voltammetry and UV—vis and
fluorescence spectroscopy. In two cases, test cells were built proving that a photocurrent can indeed be generated when using
electrolytes especially formulated for narrow-band-gap dyes, although with a very low efficiency.

®>~an

+a b

H INTRODUCTION (D—n—A) structures showed desirable characteristics, includ-
ing tunable optoelectronic and electrochemical properties,
simple molecular design, high molar extinction coefficients, low
cost, and simple synthetic and purification methods. However,
although very gqod power conversion efficiencies (PCEs) have
been reached,” with record values exceeding 14%,° further
efforts are required to find colorful, stable, and highly efficient
organic dyes, especially when aiming to increase the

Among new generation photovoltaic technologies, dye-
sensitized solar cells (DSSC) are considered a promising
option for the efficient conversion of solar energy to
electricity.' The working principle” of a DSSC is inspired by
natural photosynthesis as light harvesting is carried out by a
dye, which is absorbed on a thin-layer of a mesoporous
semiconductor (usually TiO,). Thanks to photoexcitation, an - - -
electron is promoted from the HOMO of the dye to its LUMO .commelrcml apPeal of DSSC technolog}f for building
and from there is transferred to the conduction band of the integration and indoor aPphcatxons. ¥n Pal’tlcll]al', blue anfi
semiconductor. Traveling through an external circuit (thus green dyes wo-uld be of h_‘gh commerc1.a1 m.te‘rest due to their
generating an electric current), the electron can be collected at !OV_EIY colors, in t}lrn derived from theu ability t.o absorb the
the cathode, where the reduction of a redox couple, such as incident photgns in the red and near-infrared region (NIR) of
iodide/triiodide, takes place. The original state of the dye can the spectrum.” Nevertheless, although the efficient conversion
be finally restored by electron donation from the electrolyte, of low energy ph9t0ns (4 > 700 nm) is crucial f("? Increasing
closing the circuit. Clearly, the photosensitizer represents a key the overall PCE in a DSSC, iny a few blue sensxtl?ers have
component of a DSSC, being responsible not only for its been reported so f-ar. In paanul%r, some blue devices have
photovoltaic performances but also for its appearance and for been reported using squaraine” or diketopyrrolopyrrole

some peculiar properties, such as transparency and color.

Accordingly, a large number of metal-free organic dyes have Received: December 19, 2018
been designed, synthesized, and tested for this kind of Accepted: February 14, 2019
application,” and in particular, donor—z bridge—acceptor Published: April 26, 2019
ACS Publications  © 2019 American Chemical Society 7614 DOL: 10.1021/acsomega.8b03560
A 4 ACS Omega 2019, 4, 76147627
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(DPP)-based sensitizers. Above all, the latter were able to give
a satisfying efficiency of 7.3% when assembled with the cobalt
bipyridine-based electrolytes, a value which was further
increased to 8.7% using a co-sensitization strategy with a red
dye’ and even exceeded 10% in the presence of very bulky
indoline donors.'” Very recently, a blue dye featuring an
electron-rich polycyclic aromatic hydrocarbon (PAH) scaffold
has also been reported achieving a PCE of 12.6%." Clearly,
there are still significant possibilities of introducing structural
modifications in the sensitizers, in particular, in the search of
new building blocks capable of extending the range of available
panchromatic dyes. In this context, we have been intrigued by
the possibility of introducing the (E)-3,3’-biﬁlrany]jdene-Z,l'-
dione heterocyclic systems (Pechmann lactone, Figure 1) in
the 7 scaffold of the dye.

Ar

Figure 1. Pechmann and aza-Pechmann molecular structures.

Actually, the Pechmann moiety is characterized by a planar
and conjugated structure, which is a known requirement to
promote charge transport in organic electronic frameworks.
Accordingly, Pechmann bis-lactone and aza-Pechmann bis-
lactam units have been exploited to prepare conjugated
systems of potential interest for organic electronics,'”" for
instance, as semiconductors in organic field-effect transistors
(OFET)."" Furthermore, quadrupolar D—A—D systems based
on Pechmann-lactone analogues were reported to show highly
intense and red-shifted visible—NIR absorption and fluores-
cence,'” whereas the aza-Pechmann moiety can be found,
together with diketopyrrolopyrrole, in photoactive donor—
acceptor polymers suitable for organic photovoltaic devices'®
and also in small molecules that were used to build OFETs
with excellent hole mobilities."”

In this paper, we report the design of a new family of
unsymmetrically substituted Pechmann dyes for application in
DSSCs. The dyes studied differ both for the electron-rich
substituents on the donor and for the anchori_ng group (Figure
2). Using an approach which was successfully applied in
previous studies,'” the dyes were investigated by means of

Anchor /
Acceptor

CN
Anchor | Acceptor = ;\/\COOH _§-cooH

Figure 2. General structure of dyes containing the Pechmann lactone
moiety.
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density functional theory (DFT) and time-dependent DFT
(TD-DFT) calculations, those with the most promising
features were synthesized, and their spectroscopic and
electrochemical properties were experimentally verified.

Bl RESULTS AND DISCUSSION

Dyes 1-13 (Figure 3) were designed with the aim to
rationalize the effect of decorating the central Pechmann
scaffold with different donor and acceptor groups. We mainly
focused on thiophene-derived Pechmann lactones (dyes 1-
10) because the thienyl substituent is ubiquitous in the
structure of organic semiconductors and photosensitizers.
However, to have better insight, some other aromatic and
heteroaromatic rings such as xylenyl (11), fluorenyl (12), and
pyrrolyl-(13) were considered (Figure 3), and the effect of
conjugated spacers with different electron densities was
evaluated by placing phenyl (5 and 6), ethynylphenyl (7),
and 3,4-ethylenedioxythiophenyl (EDOT) (9 and 10) moieties
between the anchoring group and the central core. In addition,
hydrophobic alkyl chains were inserted to improve the
solubility, reduce aggregation,'” and simplify the handling of
the final compounds. All the structures were endowed with
triarylamine donor groups, differing in terms of the presence of
electron-rich substituents in the para position. In particular,
unsubstituted triarylamine compounds (1 and 8) were
compared with p-hexyloxy- (3) and p-thiohexyl-substituted
ones (2, 5, 6, 7, 9, and 10) because the latter are known to
have a beneficial reducing effect on aggregation and enhancing
effect on regeneration of the dyes.'”"*"*' Finally, the
Pechmann lactone scaffold was substituted with the aza-
Pechmann one in compounds 4 and 8.

Computational Studies. To assess the optoelectronic
properties of the selected Pechmann-based structures and
verify that their energy levels match the semiconductor
conduction band and the redox couple potential, it was
essential to model the relative energies of their frontier
molecular orbitals (FMOs) and their UV—vis absorption
maxima. All quantum mechanics (QM) calculations were
performed using the Gaussian 09 program package.l’
Geometry optimizations of Pechmann-based dyes (1-—13,
Figure 3) were carried out by DFT calculations using the
Becke three-parameter-Lee-Yanqu-l’arr (B3LYP) hybrid-DFT
exchange-correlation functional™” in combination with the
standard 6-31G* basis set in the gas phase. The values of the
HOMO-LUMO energy gaps for all the computed structures
are reported along with the wave function plots of
corresponding FMOs. Vertical excitation energies (Eexo),
absorption maxima (4,,,), and oscillator strengths (f) were
computed at the time-dependent DFT (CAMB3LYP/6-31G*)
level on all the opti_m_ized structures. To include the effect of
the solvent (CHCly), the polarized continuum model (PCM)
was employed.”* Finally, methyl groups have been used in
place of the alkyl chains to reduce the computational cost. The
energy and shape of FMOs for 1—13 are shown in Figure 4,
along with the known D—7—A sensitizer DF15,” which was
used as reference. As we expected, and in comparison to DF1S,
the introduction of the Pechmann unit, which is an auxiliary
acceptor group in the 7 bridge of the molecules, lowered the
energy of the LUMO orbitals, consequently reducing the
HOMO-LUMO gaps, which were in the range of 1.45—1.78
eV. Similarly to other D—A—7—A dyes,'l6 the HOMO/LUMO
orbitals of compounds 1—13 were mostly localized on the
donor and acceptor, respectively, but both also stretched onto

DOI:10.1021/acsomega.8b03560
ACS Omega 2019, 4, 7614-7627
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Figure 3. Structures of the designed Pechmann dyes 1—13.

the Pechmann unit, giving rise to an extended superimposition,
suggesting strong intramolecular charge transfer upon photo-
excitation. Comparing the different structures, it appears that
the substitution of the lactone moiety with the less electron-
withdrawing lactam (4 vs 3 and 8 vs 1) raised the energy of
both frontier molecular orbitals, even if the consequent
increase of the HOMO—LUMO gap (from 1.49 eV for dye
3 to 1.72 eV for dye 4 and from 1.62 eV for dye 1 to 1.78 eV
for dye 8; see Figure 4) was especially due to the larger positive
shift of the LUMO orbital.

As expected, the introduction of a stronger donor group
(dyes 2 and 3 vs dye 1) raised the energy of the HOMO
orbital, lowering the HOMO—-LUMO gap, whereas the
presence of different spacers between the anchoring unit and
the central core (dyes $ and 10 vs dye 2) affected the energy of
the LUMO orbital, with a slight increase of the HOMO-—
LUMO gap. The same effect was produced by the substitution
of the cyanoacrylic acid with a simple carboxylic acid (dyes 6
and 7 vs dye S; dye 9 vs dye 10). In the case of dyes 6 and 7,
the shape of the LUMO was also different, with a smaller
contribution of the actual anchoring group, probably as a
consequence of the less electron-withdrawing nature of the
acceptor. Finally, substitution of the thienyl rings with different
aromatic and heteroaromatic moieties (dyes 11—13 vs dye 2)
changed the energy levels of both the frontier molecular
orbitals, without altering the HOMO—LUMO gap dramati-
cally. Also, in the case of dyes 11 and 12, we observed a more
limited localization of the LUMO on the anchoring group;
however, because in this case the latter was the same as those
of dyes 1—4 and 8, the reason could not be ascribed to its
weaker electron-accepting ability but rather to the smaller
planarity of the conjugated system, especially between the 7
bridge and the acceptor moiety (see Figure S25).

In Table 2, ground- (EY¢) and excited (EY**)-state
oxidation potentials, electron injection free energies (AG™*),
and light-harvesting efficiencies (LHE) associated with the
oscillator strength (f) of each dye molecule at the maximum
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absorption wavelength are presented. These photovoltaic
properties have been calculated according to the following
equationsl6

E = —Enomo (1)
EY* = BV — E,, @)
AGHEet — plves _ Ecs @)
where Ecy = —4.0 eV is the conduction band energy of TiO,.
LHE =1 — 107/ O

where f is the oscillator strength of the dye.

Assuming that the commonly accepted value is —4.0 eV for
the energy of the TiO, conduction band," AG™ values were
negative for all sensitizers, indicating that electron injection
from the dye to TiO, is predicted to be thermodynamically
favored.

The most negative AG™* values belong to dyes 11 and 12,
which have also the lowest computed absorption maxima (4,,,,
= 576—585 nm), due to the fact that the most influential
electronic transition occurs from the HOMO-1 to LUMO
level and to dyes 4, 6, and 8, whose LUMO orbitals have the
least negative values. The high and similar values (0.98—0.99)
for LHE suggest that all dyes are, in principle, able to maximize
the photocurrent response. We can thus conclude that the
computational design suggested that almost all of dyes 1-13
are suitable sensitizers for DSSC application. In particular,
there is an appropriate alignment of the dyes’ energy levels:
vertical absorption maxima ranging from 600 to 800 nm
(except for dyes 11 and 12) confirm their red to infrared light
absorption, high oscillator strength values suggest large molar
extinction coefficients, and wave function plots of frontier
molecular orbitals involved in the excitation process are in
favor of an intramolecular charge-transfer nature of the
excitation.

DOI: 10.1021/acsomega.8b03560
ACS Omega 2019, 4, 7614-7627
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Figure 4. Energy levels and electron density distributions of FMOs of compounds 1—13.

Synthesis of the Pechmann Dyes. Not all the thirteen
calculated dyes were synthesized. Taking into account the
computational results, we decided to exclude dyes 11 and 12
due to their insufficient NIR light absorption. Among the
remaining dyes, we selected compounds 1, 2, 6, 7, and 8 (see
Figure 3). Compound 1 was selected as a reference, and
compound 2 was preferred over compound 3 to take advantage
of the possible beneficial enhancing effect of thiohexyl chains
on dye regeneration.'””' Similarly, between dyes 4 and 8,
where the bis-lactone unit is substituted with the aza-
Pechmann core, we selected only compound 8 to be compared
with 1. Finally, we focused on dyes 6 and 7, having a simple
carboxylic anchoring group and less electron-rich phenyl or
ethynylphenyl spacers, to be compared with 2. As mentioned
above, in the case of dyes 6 and 7, the contribution of the
actual anchoring groups to their LUMO orbitals was inferior to
those shown by the corresponding cyanoacrylic dyes. Never-
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theless, we still decided to prepare and test them based on the
following considerations: (a) They had more negative
calculated AG™* values and higher LUMO levels than dyes
1 and 2, and therefore, we supposed that they could still
display a significant charge injection capability owing to a
larger driving force. (b) Charge injection into TiO, was
previously demonstrated also in cases where the LUMO orbital
of the dye was spatially separated from the semiconductor
surface: an example is the highly performing ADEKA-1 dye
described by Kakiage et al.’ (for which efficiencies up to 12.5%
were reported when used alone).”” Furthermore, electron
transfer to a semiconductor was observed also for dyes (both
organic and organometallic) whose main chromophore was
separated from the anchoring group by a saturated carbon
chain, albeit at a reduced rate compared to the fully conjugated

28
compounds.

DOI: 10.1021/acsomega.8b03560
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Table 1. TD-DFT (CAM-B3LYP/6-31G*)-Computed
Absorption Maxima (A3,,,)“

dyes Jinax (nm) Eqe (eV) i composition (%) H — L
1 675 1.84 223 83

2 692 179 2.26 72

3 685 1.81 227 67

4 639 1.94 1.77 67

5 640 1.94 1.96 65

6 630 1.97 1.79 67

7 652 1.90 2.01 70

8 638 1.94 1.74 79

9 661 1.88 1.91 77

10 684 1.81 225 73

11 576 215 1.92 72 (H-1 - L)
12 585 212 2.59 75 (H-1 = L)
13 700 1.77 241 88

“Excitation energy (E,,.) and oscillator strengths (f) in CHCL,.

Table 2. TD-DFT (CAM-B3LYP/6-31G*)-Computed
AG™* LHE, and Ground- (E¥*) and Excited (E**)-State
Oxidation Potential Energies

dyes EY (eV) EYe* (eV) AG™ (eV) LHE
1 4.99 3.16 —0.84 0.99
2 4.88 3.09 —-091 0.99
3 4.84 3.03 -0.97 0.99
4 4.80 2.86 -114 0.98
5 4.87 2.93 -1.07 0.99
6 4.85 2.88 -1.12 0.98
7 4.86 2.95 -1.05 0.99
8 4.87 2.93 -1.07 0.98
9 4.82 2.94 -1.06 0.98
10 4.85 3.04 -0.96 0.99
11 4.88 2.73 -127 0.99
12 4.82 2.71 -1.29 0.99
13 4.74 2.96 —-1.04 1.00

The synthetic approach to all the dyes started with the
preparation of the common intermediate dibromide 17, which
can be obtained, following our optimized procedure,” by
bromination of thienyl lactone 16, in turn obtained by reaction
of 2,4-dihexylthiophene (14) and maleic anhydride (see
Scheme 1) and subsequent cyclization of the resulting 4-
oxobut-2-enoic acid 15. Except for a recent polymerization
study,H“ the synthetic elaboration of Pechmann lactones has
not been previously reported. In addition, all derivatives
described so far are symmetrical, and the desymmetrization of
the central Pechmann chromophore to obtain nonsymmetrical
D—7n—A or similar structures has never been attempted. Very
recently, we described the preparation of some symmetrically
functionalized Pechmann lactones following a procedure
entailing Stille—Migita cross-coupling between dibromide 17

and a suitable stannane.”” The experimental procedure we
used, being performed in very mild conditions and without
bases, proved a suitable tool for the synthetic elaboration of the
very sensitive bis-lactone scaffold, and thus we decided to use a
similar approach also to prepare compounds 1 and 2. We
started with the introduction of the donor groups, which
implies the desymmetrization of the central Pechmann scaffold
17. Reaction with stannanes 18a,b was then performed,
following a slightly modified version of our cross-coupling
procedure.”’ Accordingly, the Stille—Migita reactions were
carried out using a stoichiometric amount of the stannanes and
stopped before the complete conversion of the starting
material, to avoid the formation of the symmetric double-
coupling product. For this reason, the desired products 19a,b
could be obtained only in 25—27% yield, even though the
starting dibromide 17 could always be partially recovered after
chromatographic purification, and recycled for further use. The
acceptor group was then introduced by a second Stille—Migita
reaction using organostannane 20. In both cases, the desired
aldehydes 21a,b were obtained in good yields. The last step of
the synthesis required Knoevenagel condensation to obtain
cyanoacrylic acids. Considering that the Pechmann core
proved to be quite sensitive to the presence of excess acetic
acid, we needed to modify the standard reaction conditions,
which commonly require using a mixture of toluene and acetic
acid as the solvent and a large excess of cyanoacetic acid and
ammonium acetate.’’ Instead, we decided to use a
stoichiometric amount of piperidine” as the base and a
mixture of toluene and acetonitrile as the solvent. In this way,
provided that the reaction is stopped before the complete
conversion of the starting materials to minimize degradation,
we have been able to recover the desired dyes 1 and 2 in 37
and 62% isolated yield, respectively (Scheme 2).

Advanced intermediate 19b was also used to prepare the two
dyes 6 and 7 (Scheme 3). Following the usual procedure,
reaction with organostannane 22°' gave compound 6 in good
yield after purification (Scheme 3).On the other hand,
compound 7 was prepared by coupling 19b with the
unprotected 4-ethynylbenzoic acid 23, following standard
Sonogashira conditions, that is, Pd(PPh;), as the catalyst,
Cul as the co-catalyst, and Et;N as the base.”

Finally, to synthesize compound 8, lactone 16 was reacted
overnight with a 4-fold excess of n-C4H,;3;NH, and 20% DMAP
in DCM, followed by acidification with TsOH-H,0 (Scheme
4)" to obtain lactam 25. Unfortunately, attempts to prepare
dibromide 24 by standard bromination of 25 failed, and only
decomposition products were recovered even after a very short
reaction time. Therefore, we decided to convert directly
dibromo bis-lactone 17 into bis-lactam 24. Using the same
amidation conditions, pure intermediate 24 was indeed
recovered after chromatography, although in moderate yield.
To end the synthesis, the usual approach was followed,

Scheme 1. Synthetic Pathway for the Preparation of the Pechmann Scaffold

0{740 (1.25 eq) CuCl (1.2 eq)
= Cotis CeMys O NH,CI (2.4 eq.)
Ceflis Cetis aic, (25 eq) Ac,0/1 4-dioxane 1/1
4 /s\ s MW, 100 °C, 1h
CH.CI,, 24 h, reflux , °C,

s then HCI 3 M o then 30' stirring in the air R NBS (2.25 eq.)

then MW, 100 °C, 1h AcOH (10 mol%)

14 15 CeHla CH,CI,, 20', it
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Scheme 2. Preparation of Nonsymmetrical Pechmann Derivatives 1 and 2

R
18a,b (1.0 eq.)

Pd,(dba), (5.0 mol%)
P(2-furyl), (10 mol%)

17 — >
Toluene, 60-70 °C, 2h

25-27%

21a,b

19a,b

Cyanoacetic acid (1.3 eq.)
Piperidine (1.0 eq.)

———
Toluene/CH,CN

20 (2.0eq.)

Pd,(dba), (5.0 mol%)
P(2-furyl) (10 mol%) R

B

Toluene, 70 °C, 4h

57%
N\Q\
Q/ SnBuy
R
18a R=H

70 °C, 5h
37-62%

Scheme 3. Preparation of Nonsymmetrical Pechmann Derivatives 6 and 7

23 (4.0eq) 22(2.0eq)
Pd(PPhy), (5.0 mol%)

Cul (10 mol%)

THF/Et;N 10/1
1h, 50 °C
7%
70%

Toluene, 7h, 80 °C

Pd,(dba), (5.0 mol%)
P(2-furyl), (10 mol%)

HOOC\©\
SnBugj

22

HOOC\©\
A

23

Scheme 4. Preparation of Aza-Pechmann Derivative 8
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16 — > s 7 7
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27% 5
NBS (2.25 eq.)
AcOH (10 mol%)
CH,CI,, 1t
1) CgH,:NH, (4.0 eq.) 18a (1.0 eq.)
DMAP (20 mol%)  CeHiz  CeHiz  Q N,Cus Pd,(dba), (5.0 mol%)
CH,CL,, 16h, t P(2-furyl), (10 mol%)
. Gl 4 s\ y g 5
2) p-TSOH (6.0 mol%) k \ / Toluene, 90 °C, 16h
CH,Cly, 3h, 1t CeHis O  CgHig  CeHig 46%
2% 4
CgH CgH [e] CgH.
20 (2.0 eq) . oL el LE Cyanoacetic acid (1.3 eq.)
Pd,(dba), (7.5 mol%) (e} Piperidine (1.0 eq.)

Q,
O

P(2-furyl), (15 mol%)
e
Toluene, 110 °C, 24h

36%

27

Toluene/CH.CN
—_—
80 °C, 24h

36%

performing two subsequent cross-coupling reactions, using
stannane 18a first and then stannane 20. Although in both
cases, lactam derivatives showed a lower reactivity compared to
their lactone analogues and higher reaction temperature and
longer times were required, the desired dye 8 was indeed
obtained in a pure form and with a reasonable overall yield.
Surprisingly, dye 8 was quite unstable, rapidly turning from
green (see below) to pale yellow upon dissolution in the most
common solvents. We tentatively attribute such behavior to
the ring opening of the lactam moiety (possibly followed by
ring closure to a different isomer), which has been reported to
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yield species characterized by weaker and blue-shifted
absorption spectra compared to the Pechmann chromo-
phore.1 %13

Spectroscopic and Electrochemical Data. The optical
properties of all the new dyes were studied. First of all, the
UV—vis spectra of dye 1 and all its synthetic intermediates
containing the Pechmann moiety (namely, 16, 17, 19a, and
21a) were recorded in CHCI; solution (Figure Sa). The
comparison clearly shows the red shift and widening of the
absorption bands, due to the elongation of the conjugated
skeleton and the formation of the alternating D—A structure,
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Figure S. (a) UV—vis absorption spectra of intermediates 16, 17, 19a, and 21a and of dye 1 in CHCl;: 16, violet squares; 17, purple circles; 19a,
navy blue triangles; 21a, blue diamonds; and 1, cyan stars. (b) Photograph of CHCI, solutions of compounds 16, 17, 19a, 21a, and 1 (approximate

concentration of 1-2 X 1075 M).
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Figure 6. (a) UV—vis absorption spectra of compounds 1, 2, 6, 7, and 8 in CHCI; solution. (b) Normalized UV—vis absorption spectra of
compounds 1, 2, 6, 7, and 8 adsorbed on a TiO, thin film: 1, orange squares; 2, red circles; 6, blue upside triangles; 7, purple downside triangles;

and 8, green rhombi.

Table 3. Spectroscopic and Electrochemical Data for Dyes 1, 2, 6, 7, and 8

compound Ay, (nm)® & (x 10*) [M~' em™'] A, (nm) on TiO,
1 676 5.9 617
2 681 72 604
6 651 6.8 558
7 666 5.6 550
8 608 (433) 16 (2.0) 612 (413)

Aemi

(nm)* B (V)" Esus (V)7 Esyyse (V)7 T (X 107) [mol cm™]
799 1.68 1.10 —0.58 1.88
788 1.69 1.0 —0.64 247
754 1.78 1.03 —0.75 0.50
766 1.75 1.02 —0.73 1.02
742 1.80 0.82

“In CHCI, solution. “Estimated from the intersection of normalized absorption and emission spectra. “Measured in 0.1 M CH,Cl,/TBAPF; on a
glassy carbon electrode. Values are reported against NHE. “Obtained by means of the following expression: E, /s« = Es, /s — Eq_o. “Es, s and Eg, /g«

were not measured due to decomposition of compound 8.

with the color of the compounds progressively shifting from
violet to cyan (Figure Sb). This trend was finely predicted by
the TD-DFT study (see Supporting Information, Table S2).
UV—vis spectra of dyes 1, 2, 6, 7, and 8 were then recorded,
both in CHCI, solution and after adsorption on TiO, (Figure
6a,b and Table 3). Again, the values we found are in very good
agreement with those obtained from the DFT/TD-DFT study
(Table 1). As expected, 1, 2, 6, and 7 showed an intense cyan
color in solution due to their broad absorption of red/NIR
light. In particular, dyes 1 and 2 showed the most red-shifted
absorption with a maximum value of 4 = 681 nm registered for
2, due to the strong electron-donating character of the
thioalkyl substituent. On the other hand, the presence of less
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electron-withdrawing anchoring groups such as for dyes 6 and
7 resulted in a blue shift of the absorption maxima, which is
more pronounced in the case of 6 probably because of a loss of
planarity, which might hamper conjugation between the
thienyl group of the central scaffold and the benzoic acid
substituent. Finally, bis-lactam-based compound 8 presented a
blue-shifted and much less intense low-energy absorption band
compared to its bis-lactone analogue 1 (1.6 X 10* vs 5.9 X 10*
M~ cm™), which was accompanied by a higher energy
absorption band of similar intensity (2.0 X 10* M~ ecm™) at
433 nm. As a consequence, the corresponding CHCI, solution
displayed an intense green rather than cyan color (Figure 6a).
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All dyes exhibited fluorescence in CHCI; solution (Figures
$26—530); therefore, optical band gaps (E,_,) could be
obtained from the intersection of the normalized absorption
and emission spectra and were found in the 1.68—1.80 eV
range (Table 3), with 1 and 2 having the smallest E;_, values.
A very wide absorption band (500—-850 nm) was observed
when the dyes were adsorbed on the TiO, layer. This was
accompanied by a moderate blue Sh]ft Of the maximum
absorption peak, probably due to partial aggregation.*
Interestingly, the only exception was observed for dye 8, for
which a slight red shift was observed (612 vs 608 nm in CHCI,
solution), possibly due to the presence of two additional linear
hexyl chains (bonded to the lactam nitrogen atoms) on its
molecular structure, which might have a limiting effect on the
incidence of aggregation phenomena.'”™" As already outlined,
in the case of dye 8, we observed a rapid change in color from
green to pale yellow after dissolution in most of the common
solvents or adsorption on TiO, which hampered any further
analysis. The ground-state oxidation potentials (Eg, /g) of the
dyes were then measured by means of cyclic voltammetry
(CV), which was carried out in dichloromethane solutions in
the presence of 0.1 M Bu,NPF, as the electrolyte (Figures
$31-834 and Table 3).

Eg, /s values ranging from 1.02 to 1.10 V versus the normal
hydrogen electrode (NHE) were found, and consequently,
driving forces for the regeneration from the 17/137 redox
couple (AG,,) were over 670 mV.

Because overpotentials of approximately 500 mV are
required for efficient dye regeneration from the iodide/
triiodide electrolyte,'}'d the electron transfer from the redox
shuttle to the oxidized dyes is expected to work well. Indeed,
the excited-state oxidation potential (Eg,s+) is a crucial
parameter to assess the electron injection efficiency from the
excited state of the dye to the conduction band (CB) of titania
and was calculated using the following equation

Egy s = Esyys — Ego

All the calculated Eg, 5+ values are in the range —0.58 to —0.75
V versus NHE (Table 3). In Figure 7, the comparison of
ground-state and excited-state oxidation potentials of dyes 1
and 2 and 6 and 7 with the TiO, CB (—0.50 V vs NHE) and
the iodide/triiodide redox couple (0.35 V vs NHE)*
potentials is reported, together with that of the DF15 reference
dye.”” Clearly, the driving force for electron injection (AG™*)
ranges from ~80 to 250 mV, values that are lower than 300
mV, which is the optimal driving force to have fast kinetics of
electron injection in the TiO, layer,”** but are comparable or
superior to the minimum overpotential, which is estimated to
be ~100 to 150 mV (Figure 7).>**

This situation is unfortunately common in narrow-band-gap
dyes, especially those containing strong electron-deficient 7
bridges (see for instance thieno[3,4-b]pyrazine-based
dyes),m‘l’g7 resulting in low efficiency of the corresponding
devices. Very often, in these cases, the AG™** can be increased
by using special precautions in fabricating solar cells.

Photovoltaic Measurements. To assess the capability of
the new compounds to yield working DSSCs, we decided to
carry out a preliminary study and built some solar devices
using dyes 6 and 7. We selected these two dyes because,
relying on the values of excited state potentials (Eg, /¢+), they
were the only ones able to guarantee the minimum required
overpotential with respect to the TiO, conduction layer, with
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Figure 7. Energy level diagram of ground-state and excited-state
oxidation potentials of dyes DF1S, 1, 2, 6, and 7 compared with TiO,
CB (—0.50 V) and iodide/triiodide redox couple (0.35 V) potentials.
Black dotted lines mark the optimal Eg, /s (0.85 V) and Eg, s+ (—0.80
V) values for a sensitizer with fast electron transfer kinetics. The red
dotted line defines the limit potential (—0.65 V) to guarantee electron
injection.

dye 8 bei_ng too unstable to be used in the experi_mental
conditions required.

Initially, we built test cells using standard conditions:
photoanodes of different thicknesses were sensitized with
compound 6, and a standard high-performance electrolyte™
was used. No photocurrent was recorded in such conditions.
However, the electrolyte we used contains special additives
(i.e., tert-butyl pyridine and guanidinium isothiocyanate
GuSCN), which are usually present with the aim of increasing
V,. by enhancing the TiO, CB potential. This feature is not
compatible with dyes having a low injection overpotential;
thus, we decided to try to investigate different electrolyte
compositions. In particular, six different electrolytes were
tested, sensitizing the electrodes with dye 6, and the three best-
performing compositions were also tested using dye 7. The
power conversion efficiency, #, was calculated using the
following equation

1 =] VoFF/I, ()

where J,_ is the short-circuit photocurrent density, V. is the
open-circuit photovoltage, FF is the fill factor, and I, is the
energy of incident sunlight (100 mW cm™). The results
obtained are summarized in Table 4. It is evident that for all
the cells prepared, a very low efficiency was recorded; however,
in the case of dye 6, even with a simple electrolyte containing
only the redox couple (A), a low photocurrent was observed.
Lil and guanidinium thiocyanate were then added, which are
often used to increase both V_ . and the short-circuit
photocurrent (]xc).‘w’40 Indeed, a moderate concentration of
guanidinium thiocyanate (B) increased V,. values without
affecting the photocurrent, whereas a higher concentration of
guanidinium thiocyanate (C) was detrimental to both.
Addition of the bulky cation 1-butyl-3-methylimidazolium
(BMI') and the innocent anion ClO,~ (D), as expected,
slowed down the recombination processes increasing the
photovoltage;*' however, it did not give a better efficiency.
Increasing the concentration of Li* to 1.025 M (E) and 1.625
M (F) gave, as we expected, higher photocurrents, with the
best results occurring with electrolyte E, corresponding also

DOI:10.1021/acsomega.8b03560
ACS Omega 2019, 4, 7614-7627



ACS Omega

Table 4. Photovoltaic Characteristics of the DSSC
Sensitized with Dyes 6 and 7 under AM 1.5 Simulated Solar
Ilumination

dye E* Je (mA cm™) Ve (mV) FF 7 (%)"”
6 0.86 386.0 52.0 0.17
7 0.63 412.6 534 0.14
6 B 0.84 400.6 54.0 0.18
7 0.54 408.1 434 0.10
6 C 0.65 362.9 40.7 0.10
6 D 0.68 430.6 572 0.17
6 E 1.19 420.8 489 0.24
7 0.53 387.4 44.7 0.10
6 F 0.9 414.3 442 0.17

“Electrolyte: A: I, (0.04 M), Lil (0.625 M); B: I, (0.04 M), Lil (0.625
M), guanidinium thiocyanate (0.1 M); C: I, (0.04 M), Lil (0.625 M),
guanidinium thiocyanate (0.3 M); D: I, (0.04 M), N-methyl-N-
butylimidazolium iodide (0.625 M), LiClO, (0.625 M), guanidinium
thiocyanate (0.1 M); E: I, (0.04 M), Lil (0.625 M), guanidinium
thiocyanate (0.1 M), LiClO, (0.4 M); F: I, (0.04 M), Lil (0.625 M),
guanidinium thiocyanate (0.1 M), LiClO, (1.0 M). In all cases, the
solvent was acetonitrile/valeronitrile (85/15, v/v). “Data refer to the
best results obtained for at least three devices for each configuration.

with the best efficiency recorded. When electrodes were
sensitized with dye 7, the effect of the additives was
detrimental in all cases, and cells built using the simple
electrolyte A resulted in the best performing ones. This
different behavior of dye 7 might be due to its lower excited
state potential (see Table 3), which makes any attempt to
enhance the electron injection process ineffective. Representa-
tive J/V curves for the best devices built with dyes 6 and 7 are
reported in Figure S35.

In any case, the low efficiencies recorded were mostly due to
low photocurrents. Recalling the results of our computational
analysis, it is possible that the scarce delocalization of the
LUMO orbitals of dyes 6 and 7 on their actual anchoring
groups, coupled with the abovementioned small driving forces,
limited their charge injection efficiency, reducing its rate and
making it competitive with recombination reactions as well as
unproductive intermolecular energy transfer processes.

B CONCLUSIONS

Thirteen new thiophene-substituted Pechmann dyes have been
designed, intended to evaluate the effect of decorating the
central scaffold with different donor (D) and acceptor (A)
groups on their physico- and electrochemical properties. Such
an approach was aimed at preparing new D—A—7—A
structures suitable for application as sensitizers for DSSCs
because increased knowledge in choosing an appropriate
combination of D/A moieties and exploitation of new building
blocks are essential for the development of high-performance
devices.

The designed structures were investigated by means of DFT
and TD-DFT calculations to evaluate the red to NIR
absorption maxima, the proper alignment of their FMO
energies compared to the CB of TiO, and the I"/I;~ redox
potential, and the intramolecular charge-transfer nature of the
excitation. Calculations suggested that almost all the designed
dyes were suitable for application in DSSCs. Five of these new
dyes were prepared using an approach that was based on
bromination of the central Pechmann core and desymmetriza-
tion by running Stille—Migita cross-coupling in strictly
stoichiometric conditions and stopping the reaction before
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complete consumption of the starting material. Further
elaboration of the resulting intermediates led to the
preparation of D—A—7z—A compounds constituting, to the
best of our knowledge, the first example of synthesis of
unsymmetrical Pechmann (or aza-Pechmann) derivatives. In
agreement with DFT computational studies, the new dyes
showed intense absorption of light in the NIR region of the
spectrum, accompanied by a significant degree of intra-
molecular charge transfer. Unfortunately, the driving force
for electron injection (AG™*) of such dyes was found to be
too low to have fast kinetics of electron injection. This is in
agreement with the very low efficiencies given by test cells built
using two representative dyes (6 and 7), whose charge
injection capabilities were also probably hampered by
insufficient LUMO delocalization, caused by the weak
electron-withdrawing nature of their anchoring groups. Never-
theless, a photocurrent increase could still be observed in the
presence of electrolytes especially formulated for narrow-band-
gap dyes with low Eg,/s=. The results of these preliminary
investigations provide a basic understanding of the properties
of D—A—7—A dyes based on the Pechmann chromophore and
should be useful to stimulate further research directed toward
structural refinement of the sensitizers and optimization of
device characteristics.

Bl EXPERIMENTAL SECTION

Unless otherwise stated, all reagents were purchased from
commercial suppliers and used without Puriﬂcation. Dibro-
mide 17 and stannanes 18a, 18b, 20,”” and 22*'* were
prepared as reported. All air-sensitive reactions were performed
using Schlenk techniques. Solvents used in cross-coupling
reactions were previously degassed by means of the “freeze—
pump—thaw” method. Tetrahydrofuran (THF) was freshly
distilled immediately before use from sodium/benzophenone.
CH,Cl, and triethylamine were distilled over CaH,, and
toluene and acetonitrile were dried on a resin exchange solvent
purification system. Petroleum ether, unless specified, is the
40—70 °C boiling fraction. Reactions were monitored by TLC
on SiO, plates, and detection was made using a KMnO, basic
solution or a UV lamp. The organic phase derived from
aqueous workup was dried over Na,SO,. Flash column
chromatography was performed using glass columns (10—50
mm wide) and SiO, (230—400 mesh)."H-NMR spectra
recorded at 300 or 400 MHz and “C-NMR spectra were
recorded at 75.5 or 100.6 MHz, respectively. Chemical shifts
were referenced to the residual solvent peak (CDCl,, § 7.26
ppm for 'H-NMR and § 77.16 ppm for BC-NMR; THF-dy &
1.72 and 3.58 ppm for '"H-NMR and § 67.21 and 25.31 ppm
for ®*C-NMR; C¢Dg, 6 7.16 ppm for '"H-NMR and & 128.06
ppm for *C-NMR). Coupling constants (J) were reported in
Hz. ESI-MS analyses were recorded with an LCQ-Fleet ion-
trap mass spectrometer. HR-MS analyses were performed
using a LTQ_ Orbitrap FT-MS spectrometer. FT-IR spectra
were recorded with a Perkin-Elmer Spectrum BX instrument in
the range 4000—400 cm™" with 2 cm™ resolution. UV—vis
spectra were recorded with a Varian Cary 400 spectrometer
and a Shimadzu 2600 series spectrometer, and fluorescence
spectra were recorded with a Varian Eclipse instrument,
irradiating the sample at the wavelength corresponding to the
maximum absorption in the UV spectrum. In all electro-
chemical experiments, N,-saturated solutions of the compound
under study were used with [Bu,N][PF4] (0.1 M) as the
supporting electrolyte (Fluka, electrochemical grade) and
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freshly distilled dichloromethane. Cyclic voltammetry was
performed in a three-electrode cell using a glassy carbon
working electrode, a platinum counter electrode, and a AgCl/
Ag (NaCl 3 M) reference electrode. A BAS 100 W
electrochemical analyzer was used as the polarizing unit. All
the potential values are referred to the NHE ([E vs NHE] = [E
vs Ag/AgCl (NaCl 3 M) +0.21] V). Typical analyte
concentration was 107> M. Ferrocene was used as the external
standard (+0.44 V vs Ag/AgCl).

General Procedure for Preparation of Compounds
19a,b. Dibromide 17 (1.0 equiv) was dissolved in toluene, and
then a solution of Pd,dba, (S mol %) and P(2-furyl); (10 mol
%) in toluene and the appropriate stannane (18, 1.0 equiv)
were added. The resulting mixture was heated to 70 °C, stirred
for 2 h, then allowed to cool to rt, and diluted with H,O (50
mL) and ethyl acetate (100 mL). The organic layers were
washed with brine and dried. After filtration and evaporation of
the solvent, the crude product was purified by flash column
chromatography.

(3E)-5-(5-(4-(Diphenylamino)phenyl)-3,4-dihexylthio-
phen-2-yl)-5'-(5-bromo-3,4-dihexylthiophen-2-yl)-3,3'-bifur-
anyl idene-2,2-dione (19a). Dibromide 17 (185 mg, 0.23
mmol) in toluene (15 mL) was dissolved and reacted with
Pd,(dba); (12 mg, 0.011 mmol), P(2-furyl); (5.2 mg, 0.022
mmol), and 4-tributylstannyl-N,N-diphenylaniline (18a, 120
mg, 0.23 mmol) at 70 °C. Flash column chromatography
(petroleum ether/toluene gradient of 6:1 to 2:1) gave pure
product 19a (56 mg, 0.056 mmol, 25% yield) as a dark-blue
amorphous solid. '"H-NMR (400 MHz, CDCLy): § = 7.27—
7.33 (m, 7H), 7.23 (s, 1H), 7.15 (d, J = 7.5 Hz, 4H), 7.06—
7.10 (m, 4H), 2.81—2.85 (m, 4H), 2.51—2.62 (m, 4H), 1.47—
1.66 (m, 12H), 1.24—1.43 (m, 20H), 0.79—-0.91 (m, 12H)
ppm; *C-NMR (75 MHz, CDCly): & = 167.2, 166.9, 155.0,
152.8, 148.7, 148.3, 147.4, 145.8, 145.5, 144.5, 141.0, 129.9,
129.6, 127.3, 126.3, 125.3, 125.2, 124.0, 123.8, 123.5, 122.5,
116.6, 104.1, 104.0, 31.7, 31.6, 31.5, 31.0, 30.2, 30.0, 29.9, 29.7,
29.6, 29.5, 29.4, 28.5, 27.4, 22.7, 142 ppm; IR (KBr): U =
3029, 2924, 2853, 1762, 1559, 1199 cm™'; ESI-MS: m/z =
987.28 [M+1]*

(3E)-5-(5-(4-(Di(4-(hexylthio)phenyl)amino)phenyl)-3,4-
dihexylthiophen-2-yl)-5'-(5-bromo-3,4-dihexyl thiophen-2-
yl)-3,3"-bifuranylidene-2,2'-dione (19b). Dibromide 17 (180
mg, 0.22 mmol) was dissolved in toluene (12 mL) and reacted
with Pd,(dba); (11 mg, 0.011 mmol), P(2-furyl); (5.1 mg,
0.021 mmol), and 4-tributylstannyl-N,N-(4-hexylthiophenyl)
aniline (18b, 168 mg, 0.22 mmol) at 60 °C. Flash column
chromatography (petroleum ether/toluene gradient of 6:12 to
2:1) gave pure product 19b (72 mg, 0.059 mmol, 27% yield)
as a blue gummy solid. "H-NMR (300 MHz, C(D): & = 7.47
(s, 1H), 7.31-7.38 (m, 3H), 7.25 (d, ] = 8.7 Hz, 4H), 7.06 (d,
J = 8.6 Hz, 2H), 6.98 (d, ] = 8.6 Hz, 4H), 2.81-2.92 (m, 2H),
2.58-2.76 (m, 8H), 2.40-2.49 (m, 2H), 1.70—1.82 (m, 2H),
1.05-1.68 (m, 46H), 0.95—1.02 (m, 6H), 0.79—0.94 (m,
12H) ppm; “C-NMR (75 MHz, CiDs ): = 166.8, 166.5,
155.0, 153.0, 148.4, 148.3, 145.6, 145.4, 145.3, 144.5, 141.0,
132.6, 131.4, 131.0, 130.4, 125.8, 125.5, 125.0, 124.8, 124.0,
122.8, 116.7, 104.43, 104.39, 34.4, 31.94, 31.87, 31.76, 31.66,
31.3, 30.4, 30.2, 30.1, 30.0, 29.9, 29.8, 29.7, 29.6, 28.8, 28.6,
27.7, 23.13, 23.07, 23.0, 22.9, 14.39, 14.36, 14.31, 14.25 ppm;
IR (KBr): 7 = 3014, 2927, 2855, 1762, 1560, 1199 cm™". ESL-
MS: m/z = 1220.32 [M+1]*

General Procedure for Preparation of Compounds
21a,b. Bromide (19ab, 1.0 equiv) was dissolved in toluene
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and reacted with a solution of Pd,dba, (S mol %), P(2-furyl),
(10 mol %), and 2-tributylstannyl-S-formylthiophene (20, 2.0
equiv) in toluene. The resulting mixture was heated to 70 °C
and stirred for 4 h, and then it was cooled to rt and diluted
with H,O (50 mL) and ethyl acetate (100 mL). The organic
layer was washed with brine and dried. After filtration and
evaporation of the solvent, the crude product was purified by
flash column chromatography.

(3E)-5-(5-(4-(Diphenylamino)phenyl)-3,4-dihexylthio-
phen-2-yl)-5'-(5-(5-formylthiophen-2-yl)-3,4-dihexylthio-
phen-2-yl)-3,3'- bifuranylidene-2,2'-dione (21a). Bromide
19a (73 mg, 0.074 mmol) was dissolved in toluene (9 mL) and
reacted with Pd,(dba); (3.8 mg, 0.004 mmol, S mol %), P(2-
furyl); (1.7 mg, 0.007 mmol, 10 mol %), and 2-tributylstannyl-
S-formylthiophene (20, 59 mg, 0.148 mmol). Flash column
chromatography (petroleum ether/toluene gradient, 2:1 to
1:3) gave pure aldehyde 21a (43 mg, 0.042 mmol, 57% yield)
as an amorphous black solid. '"H-NMR (400 MHz, CDCL,): &
=991 (s, 1H), 7.73 (d, J = 4.0 Hz, 1H), 7.34 (s, 1H), 7.27—
7.33 (m, 8H), 7.15 (d, J = 7.7 Hz, 4H), 7.06=7.10 (m, 4H),
2.66—2.88 (m, 6H), 2.57—2.64 (m, 2H), 1.48—1.66 (m, 16H),
1.25—142 (m, 16H), 0.85—-0.94 (m, 12H) ppm; *C-NMR
(100 MHz, CDCL): & = 182.7, 167.1, 166.9, 155.3, 1527,
149.0, 1484, 147.6, 147.4, 145.9, 145.2,143.6, 143.5, 141.1,
136.7, 134.6, 129.9, 129.6, 127.4, 127.2, 126.5, 125.6, 125.3,
1240, 123.8, 1232, 122.4,105.3, 104.2, 31.7, 31.64, 31.61,
31.5, 31.0, 30.5, 30.2, 30.0, 29.9, 29.8, 29.7, 29.5, 294, 29.1,
28.2,27.5, 22.79, 22.77, 22.74, 22.72, 14.2 ppm; IR (KBr): 7 =
3062, 2924, 2854, 1757, 1661, 1551, 1201 cm™; ESI-MS: m/z
= 1063.70 [M+C,HO]".

(3E)-5-(5-(4-(bis(4-(Hexylthio)phenyl)amino)phenyl)-3,4-
dihexylthiophen-2-yl)-5'-(5-(5-formylthiophen-2-yl)-3,4-di-
hexylthiophen-2-yl)-3,3'-bifuranylidene-2,2'-dione (21b).
Bromide 19b (90 mg, 0.074 mmol) was dissolved in toluene
(10 mL) and reacted with Pd,(dba); (3.8 mg, 0.004 mmol, $
mol %), P(2-furyl); (1.7 mg, 0.007 mmol, 10 mol %), and 2-
tributylstannyl-S-formylthiophene (20, 59 mg, 0.148 mmol).
Flash column chromatography (petroleum ether/toluene,
gradient 2:1 to 1:3) gave pure aldehyde 21b (52 mg, 0.042
mmol, 57% yield) as a blue gummy solid. 'H-NMR (300 MHz,
CeDy): 6 = 9.46 (s, 1H), 7.49 (s, 1H), 7.48 (s, 1H), 7.35 (d, J
= 8.3 Hz, 2H), 7.25 (d, ] = 8.3 Hz, 4H), 7.07 (d, ] = 8.6 Hz,
2H), 6.98 (d, ] = 8.4 Hz, 4H), 6.93 (d, ] = 3.8 Hz, 1H), 6.84
(d, ] = 3.8 Hz, 1H), 2.82—2.94 (m, 2H), 2.56-2.79 (m, 10H),
1.68—1.82 (m, 2H), 1.05—1.68 (m, 46H), 0.95—1.02 (m, 6H),
0.79—0.94 (m, 12H) ppm; *C-NMR (75 MHz, C,Dy): § =
181.8, 166.8, 166.6, 1552, 153.1, 148.7, 148.3, 147.7, 145.6,
1454, 1443, 144.1, 1434, 141.1, 136.1, 1352, 132.7, 131.0,
1304, 127.4, 126.8, 1259, 125.7, 124.9, 123.8, 122.8, 105.6,
104.5, 34.4, 32.0, 31.9, 31.74, 31.66, 31.3, 30.5, 30.4, 30.2, 30.1,
29.8, 29.6, 29.3, 28.8, 28.3, 27.7, 23.1, 23.0, 22.9, 144, 14.3,
14.2 ppm (one of the aromatic signals is covered due to the
solvent); IR (KBr): D = 3027, 2925, 2853, 1752, 1655, 1552,
1203 cm™; ESI-MS: m/z = 1251.42 [M+1]".

General Procedure for Preparation of Compounds 1
and 2. Aldehyde (21a,b, 1.0 equiv) was dissolved in toluene,
and then a solution of cyanoacetic acid (1.3 equiv) and
piperidine (1.0 equiv) in MeCN was added. The resulting
mixture was heated to 70 °C and stirred for S h, and then
chloroform (100 mL) and a 3 M aqueous solution of HCI (100
mL) were added. The organic phase was separated, and the
solvent was evaporated. The resulting solid was purified by
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consecutive washes with pentane, diethyl ether, methanol, and
ethyl acetate and dried under vacuum.

2-Cyano-3-(5-(5-((3E)-3-(2-oxo-5-(5-(4-(diphenylamino)
phenyl)-3,4-dihexylthiophen-2-yl)-furan-3(2H)-ylidene)-
furan-2(3H)-on-5-yl)-3,4-dihexylthiophen-2-yl)thiophen-2-
ylacrylic acid (1). Aldehyde 21a (30 mg, 0.029 mmol) was
dissolved in toluene (4 mL) and reacted with cyanoacetic acid
(3.2 mg, 0.038 mmol) and piperidine (2.5 mg, 0.029 mmol, 2.9
uL) in MeCN (2.0 mL). Workup and purification afforded
compound 1 (12 mg, 0.011 mmol, 37% yield) as an
amorphous dark solid. '"H-NMR (300 MHz, THF-d;): & =
8.37 (s, 1H), 7.80—7.91 (m, 1H), 7.43—7.52 (m, 1H), 7.22—
7.41 (m, 8H), 6.99—7.19 (m, 8H), 2.81—2.97 (m, 6H), 2.61—
274 (m, 2H), 1.51-1.68 (m, 12H), 121-1.49 (m, 20H),
0.79—0.98 (m, 12H) ppm; *C—NMR (75 MHz, THF-dy): § =
166.8, 166.6, 163.7, 155.5, 153.3, 149.2, 149.0, 1482, 148.1,
146.1, 145.9, 144.6, 144.2, 141.5, 139.9, 139.1, 137.5, 135.6,
130.4, 130.1, 128.0, 127.8, 126.9, 125.8, 124.6, 124.4, 123.9,
122.8, 116.4, 105.6, 104.3, 100.5, 32.4, 32.3, 32.2, 31.5, 31.2,
30.6, 30.48, 30.46, 30.41, 30.3, 30.1, 29.8, 29.5, 28.9, 27.9, 23.4,
23.34, 23.30, 14.3 ppm; IR (KBr): o = 3421, 3067, 2923, 2853,
2211, 1759, 1552, 1201 cm™'; ESI-MS: m/z = 1084.93 [M]*;
HRMS (ESI) CgeH,,04N,S; ([M]?), calcd 1084.4547, found
1084.4527.

2-Cyano-3-(5-(5-((3E)-3-(2-oxo0-5-(5-(4-(bis(4-(Hexylthio)
phenyl)amino)phenyl)-3,4-dihexylthiophen-2-yl)-furan-
3(2H)-ylidene)-furan-2(3H)-on-5-yl)-3,4-dihexylthiophen-2-
yl) thiophen-2-yl)acrylic acid (2). Aldehyde 21b (50 mg,
0.040 mmol) was dissolved in toluene (6.0 mL) and reacted
with cyanoacetic acid (4.4 mg, 0.052 mmol) and piperidine
(3.4 mg, 0.040 mmol, 4.0 yL) in MeCN (3.0 mL). Workup
and purification afforded compound 2 (33 mg, 0.025 mmol,
62% yield) as a dark gummy solid. "H-NMR (300 MHz, THE-
dg): 6 =834 (s, 1H), 7.83 (d, ] = 3.9 Hz, 1H), 7.45 (d, ] = 3.9
Hz, 1H), 7.19—=7.41 (m, 8H), 6.98—7.13 (m, 6H), 2.79—2.98
(m, 10H), 2.60-2.74 (m, 2H), 1.54—1.68 (m, 12H), 1.22—
1.48 (m, 36H), 0.83—0.98 (m, 18H) ppm; '*C-NMR (75
MHz, THF-dg): § = 166.7, 166.5, 163.6, 155.4, 153.3, 149.0,
148.7, 148.3, 145.90, 145.87, 145.7, 144.6, 144.2, 141.5, 139.1,
137.5, 135.6, 132.9, 131.1, 130.5, 128.00, 127.96, 126.9, 126.1,
125.8, 124.7, 123.9, 122.8, 116.4, 105.6, 104.3, 100.4, 34.5,
32.4, 32.3, 32.2, 30.51, 30.47, 30.43, 30.3, 30.1, 30.0, 29.2,
23.43, 23.41, 23.36, 23.32, 23.29, 14.3, 14.2 ppm; IR (KBr): 7
= 3435, 2924, 2853, 2212, 1760, 1522, 1201 cm™"; ESL-MS:
m/z = 131641 [M]*. HRMS (ESI) C,sHesOeN,Ss ([M]*),
caled 1316.5866, found 1316.5862.

Preparation of Compound 6. 4-(5-((3E)-3-(2-Oxo-5-(5-
(4-(bis(4-(hexylthio)phenyl)amino) phenyl)-3,4-dihexylthio-
phen-2-yl)-furan-3(2H)-ylidene)-furan-2(3H)-on-5-yl)-3,4-di-
hexyl thiophen-2-yl)benzoic acid (6). Bromide 19b (55 mg,
0.045 mmol, 1.0 equiv) and 4-(tributyltin)benzoic acid (22, 37
mg, 0.090 mmol, 2.0 equiv) were dissolved in toluene (2.0
mL) and stirred with a solution of Pd,dba; (2.3 mg, 0.0023
mmol, $ mol %) and P(2-furyl); (1.0 mg, 0.0045 mmol, 10
mol %) in toluene (2 mL) at 80 °C for 7 h. After cooling to
room temperature, the solvent was evaporated under reduced
pressure. The crude product was first purified by flash column
chromatography (dichloromethane, then ethyl acetate, and
then ethyl acetate + 2% acetic acid). The solid obtained was
dissolved in dichloromethane (20 mL), washed with 3 M aq
HCl (25 mL), and dried with Na,SO,. After filtration and
removal of the solvent, the solid residue was washed with small
portions of pentane (3 X S mL) and methanol (2 X § mL) to
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give dye 6 (45 mg, 0.036 mmol, 79% yield) as a blue gummy
solid. TH-NMR (400 MHz, CDCL): 6 = 8.18 (d, J = 7.9 Hz,
2H), 7.57 (d, J = 7.9 Hz, 2H), 7.24—7.32 (m, 8H), 7.03—7.10
(m, 6H), 2.76—2.95 (m, 8H), 2.56—2.72 (m, 4H), 1.19—1.82
(m, 48H), 0.85—-1.00 (m, 18H); '3C-NMR (100 MHz,
CDCL): & = 170.8, 167.2, 167.1, 1547, 153.6, 148.5, 147.8,
147.6, 1452, 145.1, 1423, 142.1, 141.0, 139.8, 131.5, 130.8,
130.0, 1293, 127.6, 126.0, 125.4, 125.0, 124.1, 123.7, 122.6,
104.5, 104.0, 34.5, 31.6, 31.5, 31.0, 30.2, 29.8, 29.5, 29.3, 28.6,
27.4, 22.8, 22.7, 14.2, 14.1 (two of the aromatic signals are
absent due to overlapping); IR (KBr): & = 3418, 2958, 2924,
2855, 1762, 1694, 1557, 1464, 1200 cm™'; ESI-MS: m/z =
1260.72 [M+1]*. HRMS (ESI) C,,Hy,NOS, ([M]*), caled
1259.6199, found 1259.6189.

Preparation of Compound 7. 4-((5-((3E)-3-(2-Oxo-5-(5-
(4-(bis(4-(hexylthio)phenyl) amino)phenyl)-3,4-dihexylthio-
phen-2-yl)-furan-3(2H)-ylidene)-furan-2(3H)-on-5-yl)-3,4-di-
hexylthiophen-2-yl)ethynyl) benzoic acid (7). A solution of
bromide 21b (75 mg, 0.061 mmol, 1.0 equiv) in THF (9.0
mL) was degassed, and then 4-ethynylbenzoic acid (23, 36 mg,
0.246 mmol, 4.0 equiv), Pd(PPh;), (6.1 mg, 0.0061 mmol, 10
mol %), copper (I) iodide (1.2 mg, 0.0061 mmol, 10 mol %),
and triethylamine (0.35 mL) were added. The resulting
mixture was stirred at 50 °C for 1 h, and then after cooling to
room temperature, the solvent was removed under reduced
pressure. The reaction crude was suspended in dichloro-
methane (25 mL) and 3 M aq HCI (25 mL) and filtered over
Celite. The organic phase was washed again with 3 M aq HCI
(25 mL) and dried. The crude obtained after solvent removal
was filtered by flash column chromatography (dichloro-
methane, then ethyl acetate, and then ethyl acetate + 2%
acetic acid). The solid obtained was dissolved in dichloro-
methane (25 mL), and the organic phase was washed with 3 M
aq HCl (25 mL) and dried. After filtration and removal of the
solvent, the residue was washed with pentane (3 X S mL) and
methanol (2 X § mL) to give dye 7 (S5 mg, 0.043 mmol, 70%
yield) as a blue gummy solid. "H-NMR (400 MHz, CDCL,): &
= 8.06 (d, ] = 8.0 Hz, 2H), 7.56 (d, J = 8.0 Hz, 2H), 7.22—7.30
(m, 8H), 7.02—7.08 (m, 6H), 2.89 (t, J = 7.3 Hz, 4H), 2.78—
2.86 (m, 4H), 2.69-2.78 (m, 2H), 2.57—2.63 (m, 2H), 1.21—
1.72 (m, 48H), 0.82—1.01 (m, 18H); *C-NMR (100 MHz,
CDCL): & = 170.8, 167.0, 166.9, 154.8, 152.7, 150.4, 148.8,
147.8,145.6, 145.4, 1452, 1410, 131.6, 131.3, 130.8, 130.3,
129.9, 128.8, 128.3, 127.5, 127.3, 125.4, 125.2, 124.1, 1233,
122.9, 122.5, 105.1, 104.2, 98.9, 86.4, 34.5, 31.7, 31.6, 31.5,
31.0, 30.4, 30.1, 29.9, 29.8, 29.5, 29.4, 28.7, 22.8, 22.7, 14.2; IR
(KBr): o = 3418, 2954, 2921, 2853, 2189, 1756, 1694, 1555,
1416, 1201 cm™". ESI-MS: m/z = 1283.80 [M]*. HRMS (ESI)
CoHy,NOGS, ([M]Y), caled 1283.6199, found 1283.6194.

Preparation of Aza-Pechmann Derivative 8. (3E)-5,5'-
(5-Bromo-3,4-dihexylthiophen-2-yl)-1,1'-dihexyl-3,3'-bipyr-
rolylidene-2,2'-dione (24). A solution of dibromide 17 (0.200
g, 0.243 mmol, 1.0 equiv), hexylamine (0.098 g, 0.972 mmol,
128 uL, 4.0 equiv), and DMAP (6.0 mg, 0.049 mmol, 20 mol
%) in dichloromethane (15 mL) was stirred at room
temperature for 16 h, and then p-toluenesulfonic acid
monohydrate (0.277 g, 1.458 mmol, 6.0 equiv) was added
and let to react for 3 h at room temperature. The organic phase
was washed with 0.3 M aq HCI (25 mL), NaHCOj-saturated
aqueous solution (25 mL), and brine (25 mL) and then dried.
After evaporation of the solvent and flash column chromatog-
raphy (petroleum ether/toluene = 3/1, then 2/1), compound
24 (76 mg, 0.077 mmol, 31% yield) was obtained as a viscous
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purple oil. "H-NMR (400 MHz, CDCLy): & = 6.87 (s, 2H),
3.55 (t, ] = 7.3 Hz, 4H), 2.62 (t, ] = 7.6 Hz, 4H), 2.56 (t, ] =
7.6 Hz, 4H), 1.17—1.53 (m, 48H), 0.82—0.93 (m, 18H); *C-
NMR (100 MHz, CDCL): 5 = 1704, 1453, 143.8, 142.7,
128.6, 126.5, 112.6, 105.4, 41.1, 31.7, 31.6, 31.4, 30.9, 29.6,
29.4, 29.2, 29.0, 28.7, 26.5, 22.7, 22.6, 142; IR (KBr): ¥ =
3036, 2955, 2925, 2855, 1674, 1493, 1278 cm™; ESI-MS: m/z
= 989.56 [M+1]".

(3E)-5-(5-(4-(Diphenylamino)phenyl)-3,4-dihexylthio-
phen-2-yl)-5'-(5-bromo-3,4-dihexylthiophen-2-yl)-1,1'-di-
hexyl-3,3"-bipyrrolylidene-2,2'-dione (26). Dibromide 24
(203 mg, 0.21 mmol, 1.0 equiv) was dissolved in toluene
(5.0 mL) and reacted with a solution of Pd,dba; (0.011 g,
0.010 mmol, S mol %), P(2-furyl); (4.8 mg, 0.021 mmol, 10
mol %), and 4-tributylstannyl-N,N-diphenylaniline (18a, 109
mg, 0.21mmol, 1.0 equiv) in toluene (5.0 mL). The mixture
was heated to 85 °C, stirred for 7 h, and then after cooling to
tt, diluted with H,0 (30 mL) and ethyl acetate (50 mL). The
organic layers were washed with brine (30 mL) and dried.
After filtration, evaporation of the solvent gave a dark-purple
crude which was purified by flash column chromatography
(petroleum ether/toluene 4:1 to 3:2) to give pure product 26
(67 mg, 0.058 mmol, 28% yield) as a dark-purple gummy solid.
IH-.NMR (400 MHz, CDCL,): & = 7.26—7.31 (m, 6H), 7.14
(d, ] = 7.6 Hz, 4H), 7.04—7.11 (m, 4H), 6.94 (s, 1H), 6.88 (s,
1H), 3.65 (t, ] = 7.4 Hz, 2H), 3.56 (t, ] = 7.4 Hz, 2H), 2.68 (4,
] =77 Hz, 2H), 2.62 (t, ] = 7.7 Hz, 4H), 2.56 (t, ] = 7.8 Hz,
2H), 1.17—1.51 (m, 48H), 0.78—0.93 (m, 18H); 3C-NMR
(100 MHz, CDCL): & = 170.8, 170.4, 147.7, 147.6, 146.9,
145.3, 144.4, 143.6, 142.6, 141.1, 139.0, 130.1, 129.5,129.1,
128.0, 127.8, 126.7, 124.9, 124.6, 123.5, 123.0, 112.3, 105.5,
104.9, 412, 41.0, 31.7, 31.6, 31.5, 31.4, 31.1, 30.9, 29.9, 29.63,
29.58, 29.5, 29.4, 29.3, 29.2, 29.0, 28.8, 28.7, 27.6, 26.5, 22.8,
227, 22.6, 142, 14.1; IR (KBr): ¥ = 3033, 2956, 2926, 2855,
1673, 1494, 1279 cm™'; ESI-MS: m/z = 1153.76 [M]".

(3E)-5-(5-(4-(Diphenylamino)phenyl)-3,4-dihexylthio-
phen-2-yl)-5'-(5-(5-formylthiophen-2-yl)-3,4-dihexylthio-
phen-2-yl)-1,1'-dihexyl-3,3'-bipyrrolylidene-2,2'-dione (27).
Bromide 26 (67 mg, 0.058 mmol, 1.0 equiv) was dissolved
in toluene (2.0 mL) and then reacted with a solution of
Pd,dba; (4.7 mg, 4.3 umol, 7.5 mol %), P(2-furyl); (2.0 mg,
8.7 pumol, 15 mol %), and 2-tributylstannyl-S-formylthiophene
(20, 47 mg, 0.12 mmol, 2.0 equiv) in toluene (3.0 mL). The
reaction mixture was heated to 110 °C under stirring for 24 h,
then cooled, and diluted with water (30 mL) and dichloro-
methane (30 mL). The organic phase was washed with brine
(30 mL) and dried. After removal of the solvent under vacuum,
purification by flash column chromatography (petroleum
ether/toluene 1:1, then toluene) gave pure aldehyde 27 (35
mg, 0.030 mmol, $1% yield) as a dark-blue gummy solid. 'H-
NMR (400 MHz, CDCl,): & = 9.91 (s, 1H), 7.73 (d, ] = 3.9
Hz, 1H), 7.26—7.31 (m, 6H), 7.14 (d, ] = 7.7 Hz, 4H), 7.04—
7.11 (m, SH), 6.97 (s, 1H), 6.96 (s, 1H), 3.61-3.69 (m, 4H),
279 (t, ] = 7.9 Hz, 2H), 2.60-2.71 (m, 6H), 1.15-1.53 (m,
48H), 0.80—-0.92 (m, 18H); 3C-NMR (100 MHz, CDCL): &
= 182.8, 170.8, 170.5, 147.7, 147.6, 147.1, 145.8, 145.6, 145.4,
144.3, 143.0, 142.3, 141.2, 139.1, 136.9, 132.0, 130.1, 129.5,
129.2, 127.9, 127.7, 127.5, 126.9, 124.9, 124.6, 123.5, 122.9,
105.7, 105.0, 41.2, 31.6, 31.5, 314, 31.1, 31.0, 30.9, 30.6, 29.8,
29.7, 29.6, 29.5, 29.3, 29.2, 28.8, 28.6, 28.4, 27.6, 26.5, 22.7,
22.6, 142, 14.1; IR (KBr): i = 2956, 2927, 2857, 1668, 1629,
1494, 1464, 1279 cm™'; ESI-MS: m/z = 1184.82 [M+1]%
1201.37 [M+H,0]*.
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2-Cyano-3-(5-(5-((3E)-1-hexyl-3-(1-hexyl-2-oxo-5-(5-(4-
(diphenylamino)phenyl)-3,4-dihexylthiophen-2-yl)-pyrrol-
3(2H)-ylidene)-pyrrol-2(3H)-on-5-yl)-3,4-dihexylthiophen-2-
yl)thiophen-2-yl)acrylic acid (8). Aldehyde 27 (20 mg, 0.017
mmol, 1.0 equiv) was dissolved in toluene (2.0 mL), and then
a solution of cyanoacetic acid (4.3 mg, 0.051 mmol, 3.0 equiv)
and piperidine (4.3 mg, 0.051 mmol, 5.0 L, 3.0 equiv) in
MeCN (1.0 mL) was added. The resulting mixture was heated
to 75 °C and stirred for 4 h. The solvent was evaporated under
vacuum, and the residue was dissolved in dichloromethane (50
mL) and washed with a 3 M aqueous solution of HCI (2 X 50
mL). Evaporation of the solvent gave a green solid, which was
purified by consecutive washes with pentane, diethyl ether, and
methanol and dried under vacuum to afford acid 8 (17 mg,
0.014 mmol, 81% yield) as a dark-green gummy solid. 'H-
NMR (400 MHz, THE-dq): 6 = 839 (s, 1H), 7.84—7.90 (m,
1H), 7.40—~7.44 (m, 1H), 7.35 (d, ] = 8.2 Hz, 2H), 7.21-7.31
(m, SH), 6.94—7.14 (m, 9H), 3.64—3.75 (m, 4H), 2.84—2.98
(m, 2H), 2.65—2.82 (m, 6H), 1.20—1.62 (m, 48H), 0.81—0.95
(m, 18H)"};C—NMR (100 MHz, THF-dg): § = 170.6, 170.4,
163.7, 148.7, 148.3, 147.2, 146.3, 146.1, 145.8, 145.1, 144.9,
1429, 1419, 139.6, 139.0, 137.0, 133.0, 130.6, 130.0, 129.1,
1284, 1283, 127.6, 125.5, 125.2, 124.1, 123.7, 1233, 1164,
106.0, 105.2, 100.2, 41.3, 32.3, 32.2, 32.0, 31.7, 31.6, 31.5, 31.3,
30.5, 30.2, 30.1, 29.8, 29.4, 29.2, 29.0, 28.0, 27.0, 23.3, 23.2,
142, 14.1; IR (KBr): U = 3459, 2953, 2923, 2851, 2209, 1671,
1632, 1493, 1372, 1259 cm™; ESI-MS: m/z = 1250.66 [M]*.
HRMS (ESI) C,3HosO,N,S; ([M]*), caled 1250.6750, found
1250.6756.
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Bl ADDITIONAL NOTE

IThe moderate yield of compound 1 could be ascribed to its
low solubility, which hampered its final purification.
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Abstract: The prediction of ground state redox potentials by quantum chemical methods has a
prominent role in the rational design of novel organic photosensitizers both for dye-sensitized solar
cells and photocatalytic systems for the production of Hz. Indeed, the ground state redox potential
of the photosensitizers is one of the key parameters to identify the most promising candidates for
such applications. Here, the ground state redox potentials of 16 organic D-mt-A and D-A-m-A dyes
having a medium to large size of the conjugated scaffold are evaluated, using the methods of the
Density Functional Theory, in terms of free energy differences between their neutral and oxidized
state. These results are also compared to computed -e(HOMO) values as approximation of ground
state redox potentials according to Koopmans’ theorem. Using the MPWIK functional in
combination with the 6-31G* basis set, the strategy based on the free energy cycle including solvent
effects reproduces with a good level of accuracy the observed values and trend of redox potentials
within related families of dyes. On the other hand, the computed -e(HOMO) values are clearly
against an uncritical use of Koopmans' theorem.

Keywords: organic dyes; ground state redox potential; dye-sensitized solar cells, photocatalytic
hydrogen production.

1. Introduction

Organic dyes having a donor-m-acceptor (D-m-A) or donor-acceptor-mt-acceptor (D-A-m-A)
architecture have been extensively used as photosensitizers in dye-sensitized solar cells (DSSCs) [1-
3] and, more recently, as sensitizers in photocatalytic systems for the production of H2[4-7]. In both
devices, visible-light absorbing dyes are employed to enhance light harvesting of semiconductor
nanoparticles of TiOz.

In DSSCs, the dye absorbs light and, upon excitation, it transfers an electron to the conduction
band of the semiconductor, which carries it to a glass electrode (TCO layer); at the same time, in the
oxide, the resulting hole is transferred from the dye/sensiﬁzer to the redox mediator (usually a I/l
redox couple) which, through an oxidation-reduction interchange, carries it to the counter-electrode,
thereby closing the circuit and generating a current (See Figure 1a).

The photocatalytic systems, on the other hand, are dye-sensitized Pt/TiO: photocatalysts in
which the dye, as in DSSCs, harvests visible light and injects the electron in the TiO2 conduction band
(See Figure 1b). Electrons are then transferred to Pt? nanoparticles which are adsorbed on the TiO:z
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surface and here protons are reduced to Hz. The regeneration of the oxidized dye occurs by using a
sacrificial electron donor (SED) agent. Triethanolamine (TEOA), ethylenediaminetetraacetic acid
(EDTA), ascorbic acid (AA) and, more recently, ethanol have been employed as SEDs [4].

B o TiO, | e
2l e y
w 7 Redox
\\713/// Dye couple
e e
(a) (b)

Figure 1. Energy levels and working mechanisms of: (a) Dye-sensitized solar cells and (b) dye-
sensitized Pt/TiOz photocatalysts.

Among other requirements, the correct alignment of the relative energy levels of the dye and the
redox couple in DSSCs or the SED in the Pt/TiO:z photocatalysts is a key issue that affects the overall
efficiency of both dye-sensitized systems. Indeed, the effective regeneration of the oxidized dye is
pivotal for both devices to obtain good performances in terms of efficiency. Thus, a key parameter
for an efficient dye to be employed is the ground state redox potential (GSRP) since this value,
especially when compared to the redox couple or SED energy levels, is a measure of the dye
regeneration driving force.

The prediction of GSRP by quantum chemical methods is of outstanding importance for the
rational design of novel organic sensitizers and greatly contributes to the development of more
efficient devices. Indeed, the calculations of these photoelectrochemical properties along with the
modeling of other key parameters such as the excited state redox potential, the vertical excitation and
emission energies, the charge transfer nature of the excitation process and the electronic coupling
between the dye and the semiconductor, would give an indication of the most promising dye
candidates for solar energy and fuel (Hz) devices. This strategy has been intensely applied in literature
for the molecular engineering of the organic sensitizer for DSSC [8-14], essentially using the methods
of the density functional theory (DFT) and its time dependent extension (TDDFT).

The accurate evaluation of GSRP is hard to achieve especially because it has been shown that the
accuracy deteriorates as the conjugation length of the molecule increases [15]. In the present study,
the GSRP of 16 organic dyes having a medium to large conjugation length (see molecules in Chart 1)
have been computed using DFT, and in particular the MPW1K functional [16,17], which has been
shown to give the best accuracy before [15], and a polarizable continuum model (PCM) [18] to take
into account solvent effects. To the best of our knowledge, this is the first work dealing with the
calculations of GSRP of a relatively large set of organic dyes having a medium to large size of the
conjugated scaffold. The DFT predicted values have been compared to the available experimental
data showing that the employed strategy allows to reproduce the GSRP with a mean absolute error
<0.2eV.
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2. Methods

All QM calculations have been performed by means of density functional theory (DFT) and time-
dependent DFT (TDDFT) using the G09 program package [19]. The ground state redox potential have
been computed at the MPW1K/6-31+G* level of theory as free energy differences between the neutral
and oxidized state of these dyes (G° — G*)sov, following the procedure described by A. Pastore et al.
[15].

Neutral and oxidized state geometries of all dyes have been computed using the MPW1K [16,17]
functional in combination with 6-31G* and 6-31+G* basis set both in vacuo and in the presence of
dichloromethane as a solvent. Solvent effects have been added to the energies of the gas-phase
optimized molecules via PCM [18]. These effects are computed as energy differences between values
in solution and in gas-phase, both computed at the geometry optimized in solution.

-¢(HOMO) (minus the value of the HOMO energy) values have been evaluated both in gas-
phase and in DCM, for the neutral state of all dyes at their optimized geometry in DCM.

Vertical excitation energies (Eex), absorption maxima (Amax), and oscillator strengths (f) have
been computed at the time-dependent DFT (MPW1K/6-31+G*) level on all the optimized structures.
Again, the PCM was used to include the effect of the solvent. These results are shown in the
Supporting Information.

3. Results and Discussion

All the investigated dyes (see Chart 1) are based on fully conjugated D-n-A or D-A-m-A
structures, the latter having an auxiliary acceptor group in the central part of the molecule. D5 and
DF15 are triarylamine-thiophene derivatives bearing cyanoacrylic acid as anchoring group. The
heterocyclic benzobisthiazole- and thiazolothiazole-systems constitutes the central 7 scaffold of
BBZ1,2 and TTZ1-7 sensitizers, respectively. The last group of molecules (BD1,2,6,7,8) contains an
electron-poor bis-lactone moiety (Pechmann lactone) connected to thiophenes decorated with various
donor and acceptor groups. With the only exception of compound D5 [20], all the investigated dyes
have been designed, characterized and synthetized in our laboratories, as described in our previous
works [9,21-23].

The neutral ground state geometries of these dyes, computed at the MPWI1K/6-31+G* level, are
shown in Fig. 2. All the dyes assume a largely planar structure along most of the conjugated system
with a deviation from coplanarity (ranging from 27° to 49°) between the triarylamine and the linked
thiophene. To assess the quality of the MPW1K/6-31+G* optimized structures, their vertical excitation
energies have been computed at the TDDFT level and the comparison between these results and
experimental values is shown in Table S1. The mean absolute error is about 0.06 eV, which clearly
indicates the accuracy of the optimized structures and the high degree of accuracy of MPW1K
functional in dealing with the excited states of the analyzed D-mt-A or D-A-mt-A dyes. Table S1 also
shows that the main electronic transition is, in all cases, a HOMO-=>LUMO transition with a smaller
contribution of a HOMO-12LUMO transition. From the plot of the corresponding DFT frontier
molecular orbitals collected in Table S2 it is clear that the HOMO and LUMO are mostly localized on
the donor and acceptor unit, respectively, albeit still with a sizable contribution of the conjugated
scaffold.
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Figure 2 (to be continued). MPW1K/6-31+G* optimized geometries of all dyes computed in vacuo
and in DCM (in brackets). Dihedral angles are given in degrees.
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132 DCM (in brackets). Dihedral angles are given in degrees.
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Given the good performance of the MPW1K functional in reproducing the vertical excitation
energies (this work) and in computing excited state geometries and vertical emission energies [13],
the choice of MPW1K functional appears appropriate also to compute GSRP. Additionally, in a
previous paper, the MPW1K has been demonstrated to be by far the method that provided computed
GSRP closer to the experimental values [15].

The results of GSRP computed vs experimental Eg+ /5 values on all the investigated dyes are
shown in Fig. 3. The graph is built from raw data of Table S3 (GSRP*) which have been mainly
computed in terms of free energies at different levels of theory. The analysis of the computed values
leads to some interesting considerations. At a first glance, it’s straightforward to observe that data
cover two distinct regions of the graph: GSRP values calculated in the gas-phase overestimate the
experimental value (black circles in the region above the diagonal, where y=x, i.e. calculated (y) =
experimental (x)), while GSRP values calculated in the presence of the solvent slightly underestimate
the experimental value (empty and filled red and blue circles, below the diagonal). The use of high-
quality basis sets in the calculation visibly improves the agreement between the calculated GSRP and
experimental potential values (red circles). On the other hand, the zero point energy (ZPE) correction
has a minor effect on the quality of the calculated GSRP (empty and filled sets of points, which nearly
overlap). From the quantitative point of view, the highest level of theory employed, i.e. computing
frequencies at the MPW1K/6-31+G* on neutral and oxidized state geometries optimized at the same
level (MPW1K/6-31+G*//MPW1K/6-31+G¥) is the one that provides the most accurate values with a
mean absolute error (MAE) of 0.18 eV both including ZPE correction or avoiding it (empty and filled
red circles). Higher deviations from experiments are found applying the MPWI1K/6-31+G*
combination on neutral and oxidized state geometries computed at the MPW1K/6-31G* level
(MPW1K/6-31+G*//MPW1K/6-31G*). Indeed, the MAE is about 0.32 eV, again both including ZPE
correction or not (empty and filled blue circles). The highest deviations from experiments are
provided by the GSRP calculations in terms of free energies using the MPW1K/6-31+G*//MPW1K/6-
31+G* level, including ZPE correction and in gas-phase (black circles). Interestingly, the linear best
fits of each GSRP" set of data, y = ax + b, are all almost parallel with slopes a ~ 1 and intercept b =0.
Thus, we may conclude that, as a general tendency and whatever the level of sophistication of the
calculation method, the difference of the free energy values allows, at least, to correctly reproduce
the redox potential qualitative trend, while higher-level calculations with high-quality basis-sets in
the presence of the solvent are crucial to correctly reproduce the quantitative trend.

According to Koopmans’ theorem, -¢(HOMO) values have also been computed as
approximation of GSRP both in gas-phase and in DCM giving a MAE of 0.50 and 0.56 eV,
respectively. The plot of -e(HOMO) values vs the experimental Eg+ /s values discloses an intriguing
behavior. When calculated in the gas phase, -¢(HOMO) values lie on a best-fit line parallel to the best
fits of the GSRP¥ sets (Fig. 3, grey triangles, slope a ~ 1). In gas phase -¢(HOMO) values overestimate
the experimental data and nevertheless, possibly as an artifact due to error compensation, they seem
to be a better approximation of real data than the more sophisticated GSRP calculated in the gas phase
(Fig. 3, black circles). Instead, -¢(HOMO) values calculated in the presence of the solvent lie on a best-
fit line clearly divergent from the best fits of the GSRP"' sets (grey asterisks, slope a ~ 0.7). In other
words, -¢(HOMO) calculated in the gas phase is a good approximation of the S*/S free energy
difference, while the same is not true in solution. Thus, for the investigated molecules in the gas-
phase Koopmans’ theorem is valid, i.e. the frozen-orbital condition is verified, the orbitals of the
charged and neutral species are nearly identical and orbital relaxation is not expected. On the
contrary, based on the same considerations, in solution Koopmans’ theorem seems to be not reliable
for the description of these molecules and their oxidation is expected to be accompanied by orbital
relaxation.
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Figure 3. Computed GSRP values (GSRP* in Table S3) vs. experimental Eg+ /5 values. The y=x
diagonal is reported as a reference. Black circles: MPW1K/6-31+G*//MPW1K/6-31+G* values in gas-
phase including ZPE correction; empty blue circles: MPW1K/6-31+G*//MPW1K/6-31G* values in
DCM; MPWI1K/6-31+G*//MPW1K/6-31G* values in DCM including ZPE correction; MPW1K/6-
31+G*//MPW1K/6-31+G* values in DCM; MPW1K/6-31+G*//MPW1K/6-31+G* values in DCM
including ZPE correction; grey triangles: -e(HOMO) in gas-phase; grey asterisks: -e(HOMO) in DCM.

Since the difference Ae=g(HOMO)vac-e(HOMO)solv broadly varies from ~ 0 to a few hundreds of
meV, our hypothesis has been tested by further investigating three of the dyes, namely TTZ7 (a large
molecule with the larger Ag), BD2 (a large molecule with Ae = 0) and D5 (a small molecule with Ae =
0). To probe the extent of the orbital relaxation, the HOMO of each neutral dye has been compared
with the spin-density surface calculated for its cation: orbital relaxation should produce visible
differences in the space localization of these two surfaces. In Figure 4 it is visible how, for D5 and
BD2, the HOMO of the neutral dye and the spin density of its cation have a very similar shape and
space distribution, both in the gas-phase and in DCM. Therefore, in this case, the orbital relaxation is
minimal and Koopmans’ theorem is expected to be valid, either in gas phase or in solution. On the
other side, the HOMO of TTZ7 and the spin density of TTZ7" have a similar shape and space
distribution in the gas-phase, while in solution the spin density is much more localized on the donor
region as an effect of the orbital rearrangement. Localization of the charge on a more restricted region
is possible because of the stabilizing interaction with the solvent. In this case, there are not the
favorable conditions to apply Koopmans’ theorem. In general, charge localization is driven by the
presence of electron-withdrawing groups, facilitated by the larger size of the molecule and made
possible by the presence of the solvent, while its delocalization is favored by the relief of the
interelectronic repulsion and made possible by the presence of an efficient conjugation path.
Considering all these aspects, after having analyzed the conformation, the dimensions and the
presence of electron-withdrawing groups, for the moment it has not been possible to univocally
identify the reason why a more marked charge localization is observed only in some cases.
Reasonably this interesting aspect will require a dedicated study and may be the subject of a
subsequent work, but for the moment we will have to settle for this further caveat against the
uncritical use of Koopmans' theorem.
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Figure 4. HOMO of the neutral species and the spin density of its cation for D5, BD2 and TTZ7
dyes.

Inspection of Fig. 5, which collects the computed GSRP vs dyes, reveals that, considering closely
related compounds with similar scaffolds, computed GSRPs and -e¢(HOMO) reproduce the same
trends found for the experimental values. For example, in agreement with the experiments, GSRP
and -e(HOMO) values of DF15 are lower in energy than those of D5, due to the presence of a stronger
hexyloxy-substituted donor group in DF15. Both dyes have more positive values than the redox
potential of the iodide/triiodide couple (4.77 eV)[24], as well as those of the most common Co-based
redox systems used in DSSC (4.85-5.04 eV)[25] suggesting that regeneration of the sensitizer is
feasible. Similar considerations apply to the Pechmann lactone containing molecules (BD1,2,6,7,8)
and to the benzobisthiazole- (BBZ1,2) and thiazolothiazole-systems (TTZ1-7). In particular, and again
in agreement with the experiments, the introduction of a stronger donor group (BD2 vs BD1) and the
substitution of the lactone moiety with the less electronwithdrawing lactam (BD8 vs BD1) lowers the
GSRP. Moreover, the substitution of the cyanoacrylic acid with a less electron-withdrawing acceptor
(BD6 and BD7 vs BD2) provides experimental ground state oxidation potentials similar to BD2. While
the computed GSRP and -£¢(HOMO) values for BD6 and -e(HOMO) value for BD7 are in line with
this observation, GSRPs of BD7 are instead predicted to be higher in energy although closer to the
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experimental values. Concerning the benzobisthiazole- and thiazolothiazole- systems, the introduction
of electron-rich methoxy-substituents on TTZ2 and BBZ2 leads to a decrease in the ground-state
oxidation potentials compared to TTZ1 and BBZ1, which is also evident in the computational results.
In the series TTZ3-7, in line with experiments, the introduction of the electrondonating-alkoxy groups
on the triarylamine portion in TTZ4 and the presence of the terminal phenothiazine unit in TTZ7
resulted in lowering ground-state oxidation potential values. However, all BBZs and TTZs dyes have
ground-state oxidation potentials more positive than that of the iodide/triiodide couple, thus
assuring dye regeneration. The present results are consistent with the following final observations: i)
the frontier orbital approximations, according to Koopmans” theorem, might be used to reproduce
the trend of standard potentials in closely related families of compounds but cannot be used as a
method to predict quantitative values; ii) to obtain GSRPs with a certain degree of accuracy sufficient
to be comparable with experimental standard potentials, free energy cycle computations including
solvent effects need to be taken into account.
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Figure 5. Experimental (red circles) and computed GSRP in solution of dye sensitizers computed at
different level of theory: MPWI1K/6-31+G*//MPW1K/6-31G* (avion-blue squares); MPW1K/6-
31+G*//MPW1K/6-31+G* (orange triangles); MPWI1K/6-31+G*//MPW1K/6-31G* including ZPE
correction (grey circles); MPW1K/6-31+G*//MPW1K/6-31+G* including ZPE correction (green circles).
MPWI1K/6-31+G*//MPW1K/6-31+G* computed values for GSRP in gas-phase (yellow squares) and for
-g(HOMO) in gas-phase (blue circles) and in DCM (brown circles) are also shown. The same solvent
(DCM) used in the experiments has been modeled.

4, Conclusions

The present study shows that, using the MPW1K functional in combination with an appropriate
basis set, it is possible to predict with a good level of accuracy the GSRP of a relatively large set of D-
m-A/D-A-1-A dyes having a medium to large size of the conjugated scaffold. Moreover, the
experimental trends in GSRP values of closely related compounds with similar scaffolds is well
reproduced. Thus, the employed strategy should help researchers to identify sensitizers that can
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efficiently be used in DSSCs or in photocatalytic systems for the production of Hz, allowing them to
concentrate precious time and resources only on the preparation of the most promising candidates.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Table S1: TDDFT
(MPW1K/6-31+G*//MPW1K/6-31+G*) absorption maxima (A*max (nm)), excitation energies (Eexc (€V)), oscillator
strenghts (f) and transition contributions (%). Solvent effects are included via PCM. The same solvents used in
the experiments have been modeled. The experimental A?max and corresponding Eexc are given in brackets., Table
S2: DFT frontier molecular orbitals for all dyes obtained at MPW1K/6-31+G* level in vacuo. Table S3:
Experimental (Es+s), computed GSRP (eV) and -e(HOMO) of all investigated dyes. Cartesian Coordinated of all
the investigated dyes in gas-phase and in solvent.
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Table S1: TDDFT (MPW1K/6-31+G*//MPW 1K/6-31+G*) absorption maxima (A%max (nm)), excitation energies
(Eexe (€V)), oscillator strenghts (f) and transition contributions (%). Solvent effects are included via PCM. The same
solvents used in the experiments have been modeled. The experimental A*max and corresponding Eexc are given in

brackets.

Dyes Solvent  A%max Eexe f Main transitions
(PcM)
D5 EtOH 486 (427-474%) 2.55(2.90-2.62) 1.4258 HOMO -> LUMO (89%).

HOMO-1 -> LUMO (7%)
DF15 EtOH 508 (494-530°) 2.44 (2.51-2.34) 1.4402 HOMO -> LUMO (89%).
HOMO-1 -> LUMO (7%)

BD1  CHCL 652 (676°) 1.90 (1.83) 2.2304 HOMO -> LUMO (85%).
HOMO-1 -> LUMO (11%)
BD2  CHCL 660 (681°) 1.88 (1.82) 2.2069 HOMO -> LUMO (66%).
HOMO-1 -> LUMO (31%)
BD6  CHCL 624 (651°) 1.98 (1.90) 1.8282 HOMO -> LUMO (69%).
HOMO-1 -> LUMO (29%)
BD7  CHCL 645 (666°) 1.92 (1.86) 2.0600 HOMO -> LUMO (69%).
HOMO-1 -> LUMO (29%)
BDS  CHCL 603 (608°) 2.05 (2.04) 1.6577 HOMO -> LUMO (78%).
HOMO-1 -> LUMO (13%)
BBZ1 THF 442 (4469 2.80 (2.78) 2.4243 HOMO -> LUMO (19%).
HOMO-1 -> LUMO (61%)
BBZ2 THF 447 (4559 2.77(2.72) 2.3036 HOMO -> LUMO (28%).
HOMO-1 -> LUMO (52%)
TTZ1 THF 472 (4729 2.63 (2.63) 2.2867 HOMO -> LUMO (37%).
HOMO-1 -> LUMO (23%)
TTZ2 THF 479 (476% 2.59 (2.60) 2.1922 HOMO -> LUMO (36%).
HOMO-1 -> LUMO (24%)
TTZ3 THF 503 (510°) 2.47 (2.43) 2.4603 HOMO -> LUMO (54%).
HOMO-1 -> LUMO (32%)
TTZ4 THF  511(518°) 2.43 (2.39) 2.3851 HOMO -> LUMO (49%).
HOMO-1 -> LUMO (37%)
TTZ5 THF 507 (510°) 2.45(2.43) 2.4426 HOMO -> LUMO (43%).
HOMO-1 -> LUMO (42%)
TTZ6 THF 507 (521°) 2.44 (2.38) 2.4839 HOMO -> LUMO (56%).
HOMO-1 -> LUMO (32%)
TTZ7 THF 500 (513¢) 2.48 (2.42) 2.4593 HOMO -> LUMO (56%).

HOMO-1 -> LUMO (31%)

2 D5 in ethanol: 441 nm (2.81 eV); methanol: 444 nm (2.79 eV); methanol + acid (protonated): 474 nm (2.62 eV);
acetonitrile (deprotonated): 427 nm (2.90 eV). See Ref. [1]

 DF15 in ethanol: 494 nm; CH>Clz: 530 nm. See Refs. [2,3]

¢See Ref. [4]

dSee Ref. [5]

¢ See Refs [6,7]
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Table S2 (to be continued): DFT frontier molecular orbitals for all dyes obtained at MPW 1K/6-31+G* level
in vacuo.

Dyes HOMO-1 HOMO LUMO LUMO+1

D5

DF15

BD1

BD2

BD6

BD7

BDS8

BBZI

BBZ2

TTZ1

TTZ2

TTZ3

TTZ4
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Table S2 (continued): DFT frontier molecular orbitals for all dyes obtained at MPW 1K/6-31+G* level in
vacuo.

Dyes HOMO-1 HOMO LUMO+1
o ., b -
TTZ5 Dy Wy, w‘"im{,
$ °’.§3“,~: .3‘ "?5*‘}-: £
T . il 3
il . 4 s
TIZ6 | gty | % FORH

» Ry x
TTZ7 '7;'%, , -:f(,,.... e by, Tendten
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Table S3: Experimental (Es-+s), computed GSRP (eV) and -s(HOMO) of all investigated dyes.

Dyes | Esus® | GSRP® | GSRP® | GSRPY [ GSRP® | GSRP' | g(HOMO): | -5(HOMO)"
D5 | 551 6.56 5.25 5.41 5.26 5.43 6.13 6.10
DF15 | 536 6.22 5.03 5.15 5.05 5.16 5.82 5.90
BD1 | 547 6.19 4.99 535 4.98 5.33 6.02 6.02
BD2 |5.44 6.14 5.13 5.13 5.10 5.10 5.91 5.90
BD6 | 5.45 6.09 5.12 513 5.10 5.12 5.84 5.88
BD7 |5.44 6.32 4.95 539 4.94 5.36 5.85 5.89
BD8 |54 6.04 511 5.18 5.13 5.20 5.90 5.98
BBZI | 5.57 6.53 5.39 5.32 5.41 5.34 6.14 6.17
BBZ2 | 534 6.31 5.07 513 5.10 5.16 5.86 594
TTZ1 | 5.56 6.46 5.25 551 5.26 551 6.11 6.13
TTZ2 | 5.35 6.26 5.17 5.14 5.19 5.17 5.85 5.92
TTZ3 | 5.44 6.11 4,91 5.18 4.91 5.18 5.89 5.99
TTZ4 | 5.19 5.99 4.90 5.06 4.91 5.07 5.68 5.81
TTZ5 | 5.33 6.08 4.99 5.07 4.99 5.07 5.74 5.83
TTZ6 | 5.35 6.17 5.19 531 5.19 531 5.83 5.97
TTZ7 | 5.27 6.05 4.88 5.15 4.88 5.15 5.89 6.05
MAE! ‘ 0.82 | 0.32 ‘ 0.18 1 0.32 l 0.18 ‘ 0.50 0.56

* The 4.420 value for the NHE half-reaction was added to the experimental Es+s values [8-10].

b Computed at the MPW 1K/6-31+G*//MPW 1K/6-31+G* level of theory including ZPE correction in gas-phase.
¢ Computed at the MPW1K/6-31+G*/MPW1K/6-31G* level of theory without ZPE correction.

4 Computed at the MPW 1 K/6-31+G*//MPW 1K/6-31+G* level of theory without ZPE correction

¢ Computed at the MPW 1K/6-31+G*/MPW1K/6-31G* level of theory including ZPE correction

fComputed at the MPW1K/6-31+G*//MPW 1K/6-31+G* level of theory including ZPE correction

£ Computed at the MPW 1K/6-31+G* level of theory or the neutral species in gas-phase

" Computed at the MPW 1 K/6-31+G* level of theory for the neutral species in DCM

"Mean Absolute Error
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Abstract

New generation photovoltaic devices have attracted much attention in the last decades since they can
be efficiently manufactured employing abundant raw materials and with less-energy intensive
processes. In this context, the use of powerful environmental assessment is pivotal to support the fine-
tuning of solar cells fabrication and hit the target of manufacturing effective sustainable technological
devices. In this work, a mass-based green metrics and life cycle assessment combined approach is
applied to analyze the environmental performances of an innovative synthetic protocol for the
preparation of organic dye TTZS, which has been successfully proposed as a sensitizer for
manufacturing dye sensitized solar cells. The new synthetic strategy, which is based on the C-H
activation process, has been compared with the previously reported synthesis employing classic
Suzuki-Miyaura cross-coupling chemistry. Results highlight the contribution of direct energy
consumption and purification operations in organic syntheses at lab scale. Furthermore, they
demonstrate the usefulness of the environmental multifaceted analytic tool and the power of life cycle
assessment to overcome the intrinsic less comprehensive nature of green metrics for the evaluation of
organic synthesis protocols.

1 Introduction

In order to match the target of the EU Renewable Energy Directive (EU, 2018) and the Circular
Economy Action Plan (EC COM(2019) 190 final, 2019), the research and development activity on
photovoltaics (PV) should cope in looking for more eco-friendly manufacturing solutions. Since PV
devices are known to be an emission-free technology during their operative phase, the major efforts in
terms of sustainability should result in minimizing the environmental impact associated with the
production of the cell and module components and the end-of-life phase (Bravi et al., 2010).
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This matter is of paramount importance especially for innovative PV, and particularly for the so-called
last generation technologies, that stand out for the use of materials alternative to traditional
semiconductors. In recent years, relevant results have been obtained in this field in terms of efficiency
and technological advancement(A.T. Kearney Energy Transition Institute, 2017), thanks to a lively and
very productive research activity developed at lab scale(Polman et al., 2016; Lucefio-Sanchez et al.,
2019). In this context, the adoption of an eco-design approach becomes essential to pursue the
improvement of the eco-profile of products(Maranghi et al., 2019; Parisi et al., 2019) and the
environmental sustainability assessment offers a powerful tool to achieve this goal. The panorama of
environmental sustainability assessment methods offers a wide range of possibilities (Sheldon, 2016b,
2018). Above all, a multivariate approach combining mass-based green metrics and life cycle
assessment (LCA) affords an extremely useful tool for evaluating the environmental impact of
processes, as already demonstrated in the bulk and fine chemicals production, pharmaceutical and
nanotechnology sectors (Eckelman et al., 2008; Galuszka et al., 2012; Li et al., 2012; F. et al., 2015;
Sheldon, 2016a).

The concurrent use of these different tools allows to combine the versatility and practicality of green
metrics with the detailed environmental screening that can be obtained through the implementation of
an all-encompassing assessment like LCA. Indeed, in such a way it is possible to take in consideration
relevant information such as resource efficiency and energy requirements together with all of the
possible hotspots associated to the investigated systems.

Although this combined approach is quite often implemented at the industrial R&D level(Cespi et al.,
2019), its application at lab scale for product and processes eco-design is not so diffused(Pini et al.,
2019). Indeed, notwithstanding the increasing and recognised importance of Life Cycle Thinking
(LCT) approaches also for laboratory scale procedures (Allen et al., 201AD), the application of the
LCA methodology requires the compiling of a comprehensive inventory of data that, when appropriate
information can be found, is always a laborious and very time-demanding procedure.

So far, examples of such combined sustainability assessment are absent in the scientific literature
concerning the synthesis of innovative materials for PV. For instance, in a recent work by Grisorio et
al. (Grisorio et al., 2015), a green metrics analysis has been applied for the evaluation of the
environmental sustainability of an innovative chemical process used to prepare a solar cell component,
but not in the perspective of a LCT approach.

In this work, a mass-based green metrics and LCA combined approach is applied to obtain a gate-to-
gate assessment on two new alternative synthetic protocols, specifically designed to scale-up the
production of the organic dye TTZS5 (Figure 1), and compare their environmental performances with
those of its original preparation (Dessi et al., 2014). Compound TTZS, bearing a thiazolo[5,4-
d|thiazole (TzTz) ring as its central unit, has been successfully employed as a sensitizer for the
preparation of photocatalysts for hydrogen production (Dessi et al., 2018)and the manufacturing of dye
sensitized solar cells (DSSCs) (Dessi et al., 2014, 2015).This innovative photovoltaic technology dates
back to 1991 and was proposed as a more versatile and cheaper alternative to silicon based photovoltaic
(PV) devices. Indeed, DSSCs proved to be more competitive in terms of ease of production, reduction
in the use of hazardous substances, manufacturing costs and raw materials availability compared with
other photovoltaic devices(Hagfeldt et al., 2010; Gong et al., 2017). However, the efficiency of these
devices is strongly dependent on the sensitizer.(Parisi et al., 2013, 2014) From this perspective, dye
TTZ5, when used in thin film DSSCs (photoanode thickness approx. 5.5 pm) drew great
attention(Dessi et al., 2014) showing efficiencies up to 7.71%, which are superior to the Ru-based
sensitizer Z907 (n 5.51%) measured in the same conditions, and approaching the 11.9% record
efficiencies registered for champion DSSCs(NREL, 2019). For these reasons, TTZS is particularly
suitable for application in transparent and opaque thin-layer cells (Dessi et al., 2014), which are a
common choice for the application in Building Integrated Photovoltaic (BIPV) systems.
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Figure 1

2 Materials and methods

2.1 Synthetic approach

In the last years, TTZ5 has found application as a photosensitizer in the photocatalytic hydrogen
production(Dessi et al., 2018) and in transparent thin-layer DSSCs(Dessi et al., 2014), which are very
attractive for the production of colored, transparent modules to be applied in building-integrated
photovoltaics. However, fulfilling this aim would require the preparation of large-scale panels, in turn
demanding the development of a reliable and sustainable gram-scale preparation of the dye. The
original synthesis of TTZ5 required three main synthetic operations to obtain the key intermediate
aldehyde 6: a) the preparation of thiazolothiazole-based spacer 1 (Scheme S1), b) the preparation of
boronic ester 3, containing the donor group (Scheme S2) and ¢) the introduction of the donor and the
acceptor moieties through two sequential Suzuki-Miyaura cross-couplings (Scheme 1). Finally, the
anchoring group cyanoacrylic acid was introduced following the well-established Knoevenagel
condensation protocol on aldehyde 6 (Dessi et al., 2014). The undeniable Achilles’ heel of the old
synthetic approach, which hampered the scale-up of TTZS, was the desymmetrization of
thiazolothiazole-based spacer 1: following a straightforward double electrophilic iodination, the
Suzuki-Miyaura coupling of diiodide 2 with boronic ester 3 proved troublesome, since the reaction had
to be stopped before the complete conversion of the starting material 2, in order to minimize the second
coupling with the residual carbon-iodine bond in compound 4. Moreover, undesired dehalogenation of
both the starting material 2 and the product 4 decreased the yield, making the chromatographic
purification difficult. As a result, only a small amount of the final compound could be obtained in pure
form.

Scheme 1

In order to design a more sustainable and scalable synthetic procedure of dye TTZS5, we decided to
change our approach to the functionalization of building block 1. Our choice was to move from a
classic Suzuki-Miyaura cross-coupling to the exploitation of a direct arylation protocol. In this case, in
fact, the formation of a new carbon-carbon bond could be performed avoiding the use of any preformed
organometallic reagent and reducing the number of the synthetic steps (Zani et al., 2019). Inspired by
Liu’s work about the C-H functionalization of a central heteroaromatic core with different electron-
rich and electron-poor bromides (Lu et al., 2017), we initially explored the single direct arylation of
starting material 1 with the electron-poor bromide 7 (Scheme 2). Application of Liu’s reaction
conditions, which consisted in using an excess amount of the starting material, Pd(OAc), as pre-
catalyst, the bulky electron-donating phosphine CataCXium® A as ligand, pivalic acid as the acid
additive, inexpensive K>COs as the base and N,N-DMF as the solvent at 110 °C, allowed to isolate
pure intermediate 8 with 28% yield.
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Scheme 2

Unfortunately, part of the starting material 1 decomposed under these conditions and just a small
fraction of its excess could be recovered at the end of the reaction. Despite that, the simple change of
N,N-DMF with a less polar solvent such as toluene and a reduction of the reaction temperature to 85
°C allowed to minimize undesired side-reaction and to employ just a stoichiometric amount of
thiazolothiazole 1. Under these conditions, a 70% conversion of the starting material 1 could be
achieved, leading to a 40% yield of the desired aldehyde 8 as a pure product. Disappointingly, when
the same conditions were tested to introduce the donor group by reaction with bromide 9, no conversion
to product 6 was observed. To achieve this transformation, a quantitative electrophilic bromination of
intermediate 8 and a subsequent Stille-Migita cross-coupling with stannane 10 proved necessary,
affording the desired product in 82% yield. Accordingly, following this C-H activation/Stille-Migita
cross-coupling route, the desired advanced intermediate 6 could be isolated in a two steps sequence,
with an overall yield of 33%, leading to a good improvement in terms of yield and selectivity compared
to the original synthetic strategy. In addition, application of this route allowed to scale-up the
preparation of compound 6 to a quantity of approx. 1.3 g, much higher than that obtained with the
original synthetic sequence.

However, the sustainability of the whole process appeared still limited by the employment of the tin-
containing reagent (10) and the use of quite harsh conditions: clearly the possibility to perform two
subsequent C-H activation processes would be largely preferred. To reach this goal, we decided to
explore a different approach, inspired by those previously reported for the direct arylation-based
synthesis of D-n-A dyes for DSSCs (Lin et al., 2015; Lu et al., 2017), and consisting in the reversal of
the order in the introduction of the donor and acceptor groups (Scheme 2). Thus, the direct arylation
of the starting material 1 was first performed with donor bromide 9 and then the resulting intermediate
11 was reacted with electron-poor bromide 7.

The first step of the synthesis was indeed accomplished using the same reaction conditions mentioned
above, with a slight increase of the temperature and using an excess of the starting material 1. The
reaction proceeded smoothly, with a complete conversion of donor bromide 9; unfortunately, however,
a complete chromatographic separation of product 11 and unreacted starting material 1 was almost
impossible, hampering the isolation of pure 11. Despite that, such 1:1 mixture of 11 and 1 could be
successfully reacted with electron-poor bromide 7 to give, under the usual conditions, pure compound
6, which was isolated after chromatographic purification. Unfortunately, the excess of reagent 1 used
in the first step could not be recovered at the end of the second step, since it underwent a double direct
arylation with bromide 7. The overall yield of this C-H activation route was 29%, comparable to the
previous C-H activation/Stille-Migita route in terms of yield, although a larger amount of starting
material 1 was consumed.

Scheme 3
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Finally, to overcome the problem of purification of intermediate 11 and trying to minimize the presence
of unreacted 1, we decided to test a one-pot direct arylation protocol (Scheme 3), aiming to obtain
compound 6 directly from the starting material 1 and to avoid the isolation of any intermediate. To
achieve this goal, an optimization of the reaction conditions was carried out using different Pd catalyst
and conditions. Thus, using tri-fert-butylphosphine as a ligand no conversion of the starting material 1
was obtained, while using tricyclohexylphosphine or CataCXium® A provided the desired product 6
with yields of 13% and 19% respectively. Finally, we found that, for the introduction of the donor
group, acetic acid was superior to pivalic acid, since it reduced the relevance of possible side-reactions
such as a partial oligomerization of 1.

Following this optimized one-pot C-H activation route, compound 6 was thus obtained in 26% yield
after purification (isolated amount: 0.24 g). Clearly, from a practical point of view, despite the overall
yield of this process was a bit lower than the previous ones, the possibility of accessing intermediate 6
in a single synthetic step, without using stoichiometric organometallic reagents and avoiding expensive
and time-consuming purification procedures, makes this route more intriguing especially for large scale
application (see Table 1).

Table 1

2.2 Environmental sustainability assessment

As anticipated in the introduction, an important aim of this work is the calculation of the eco-profile of
the photosensitizer TTZ5 produced via the three above-mentioned alternative synthetic routes, to
assess if an environmental sustainability improvement can be obtained while looking for scalability of
the manufacturing procedure. A generic PV module production process is synthetically represented in
Figure 2: it starts from the acquisition of raw materials, encompassing the fabrication process of all the
components and it ends with the assembling phase.

Figure 2

The implemented approach is a gate-to-gate analysis exclusively focused on the manufacturing phase
of the DSSC photosensitizer, using both green metrics and LCA calculations. The reason of this choice
arises from the necessity of evaluating exclusively the obtained improvements (if present) derived from
the change of reaction strategies for the production of target molecule TTZS. The foreground system
includes the original synthesis and the two new alternative synthetic routes to obtain TTZS. An
overview of the process is sketched in the figure, where the three routes are distinct with different
colors (Compounds 13, 14, 15, 16, 18, 19 are numbered according to the synthetic procedure described
in ref. (Dessi et al., 2014), see Scheme S1-S2).

In the following sub-sections, some methodological details are given.
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2.2.1 Green metrics

E-factor: The E-factor (EF) represents the quantity of waste generated (i.e. anything except the
product) to produce 1 unit of the target product. Work-up substances, auxiliaries and solvents are
incorporated in the definition of waste. The following equation express the value of EF:

e i  m(raw material;) —m,

m
A higher EF means more waste and, consequently, grealtoer negative impact. The ideal EF is zero. Lower
EF have been shown to correlate well with reduced manufacturing costs which is a reflection of lower
process materials input and output, reduced cost of hazardous and toxic waste disposal, improved
capacity utilization and reduced energy demand. In this work, since the main purpose is a lab-scale
application, EF is calculated in g/g to suitably quantify discards in laboratory synthesis.
Overall Yield: The overall yield has always been a pillar of calculations on reaction efficiency.
Considered as a “classical metrical measure” like selectivity, its relevance persists also in green metrics
assessment. An implicit consideration of the overall yield is included in the EF calculation, since higher
yields result in less disposal (inferior mass of byproducts, major incorporation of reactants into the
target product, etc.).
Price Estimate: In order to evaluate whether more environmentally benign syntheses provide a real
financial benefit, estimation on the global price of product becomes remarkable. Calculating the cost
of production of a target molecule involves incorporation of all the expenses related to the implemented
raw materials. To achieve this objective, commercially available chemical prices were collected. In
order to draw the attention on advantages due to waste prevention, costs related to recovered materials
were subtracted to the “total waste price”. At this point, to assess the price of the product per gram, the
“total waste price” is divided by the grams of obtained product. In case one of the reactants was not
commercially available, but derived from a previous synthesis, its costs were incorporated into the
reaction path price by adding to the “total price of waste”. This enables a “conditional cost estimate”,
namely a price evaluation specific for the conditions of a synthesis (costs of reactants and their relative
usage, spared materials and so on) allowing the exact appraising of financial burden on synthetic
approaches and potential improvements in the perspective of a possible industrial scalability.
Eco-scale: Eco scale is a semiquantitative laboratory scale tool to estimate the eco-sustainability of
chemical reactions based on yield, price, safety conditions, technical setup, temperature/time and ease
of workup/purification. The usefulness of this tool in up-scaled processes is not significant because
relative weights of the six proposed categories may differ for industrial purposes. The ideal Eco Scale
value is 100, representing an “ideal reaction where a substrate A undergoes a reaction with the
inexpensive reactant B at room temperature to give the product in 100% yield with a minimal risk for
the operator and the environment”. For this assessment the original approach of Van Aken and
coworkers (Van Aken et al., 2006) was adopted. Thus, penalty points are assigned according to a
specific ranking for each category and then subtracted by the ideal value of 100 to obtain the Eco scale
rate. Eco Scale values higher than 75 are associated to an excellent performance; values between 75
and 50 are considered acceptable, while Eco Scale scores minor than 50 are assigned as inadequate.
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222 LCA

According to the ISO 14040 family standards (International Organization for Standardization, 2006;
Standardization, 2006) and the more completely elaborated ILCD Handbook Guidelines (European
Commission, 2010a), an attributional approach was implemented for the LCA calculation on TTZ5
synthesis. The functional unit chosen in this study is 1 gram of the target product. The same unit has
been employed for the calculation of the green metrics. No allocation procedure was required since all
of the environmental burdens were attributed to the final product of the process, i.e. 1 g of TTZS5. Data
life cycle inventory (LCI) was built based on lab primary data. When needed, meta-data (conveniently
customized to generate datasets for reactants, auxiliaries and solvents) and secondary data were taken
from the Ecoinvent Database v. 3.4 (Wernet et al., 2016). Equipment and instruments are not included
in the system modelling as capital goods, but they are accounted for in terms of energy requirement for
their functioning. The life cycle impact assessment (LCIA) method employed is the ILCD 2011
Midpoint+ method (version 1.0.9, May 2016), developed by the Joint Research Centre - European
Commission (European Commission, 2010b). that allows to obtain single scores results expressed as
Eco-Points (Pt). The Cumulative Energy Demand (CED) method (version 1.09, August 2014) is
employed to quantify the use of the direct and indirect energy requirement during all the life cycle
phases of the system expressing the results in units of Mega Joule (MJ) (Frischknecht et al., 2007).
LCA Calculations are performed with software Simapro v. 8.5.

3 Results and Discussion
Table 2 shows the EF values for intermediates and TTZ5 generation for the C-H/Stille route and the

one-pot C-H activation route, respectively. Data concerning the Suzuki-Miyaura route are reported for
comparison (more details are available in the Supporting Information).

Table 2

The reported data clearly disclose the general trend of EF growing with increasing reactant complexity,
and the contribution of water in its calculation. The three routes have in common five steps for the
synthesis of thiazolothiazole 1 (from 13 to 1, see Scheme S1), three steps for the preparation of the
brominated triarylamine 9 (from 18 to 9, see Scheme S2) and the last one for the synthesis of the final
compound TTZS5, so they can be excluded from the direct comparison (gray background in Table 2).
It is evident from the simple comparison of the final TTZS5-EF values that both the new C-H activation-
based routes generated a much lower amount of waste than the original Suzuki-Miyaura protocol, with
a three-to-four times decrease of the EF values. This EF-drop is due both to the smaller number of
synthetic steps required by the new routes compared to the old one (one step less for the C-H/Stille
route and three less for the one-pot C-H activation route) and the higher efficiency of the
desymmetrization reaction (Compound 8 C-H/Stille Route — EF: 21307.58 g/g; Compound 6 one-pot
C-H Activation Route — EF: 28873.89 g/g, to be compared with: Compound 4 Suzuki-Miyaura Route
— EF: 49103.81 g/g). Moreover, the Suzuki-Miyaura route was penalized by a high increase of the EF
for the transformation of compound 4 (49103.81 g/g) into compound 6 (94719.08 g/g) too. The same
transformation was either included in the desymmetrization step of the one-pot C-H activation route
or, at least, much more efficient in the C-H/Stille route.
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Indeed, considering the evolution of water-including EF outcomes, the C-H/Stille route shows
increasing values from 29.23 g/g of Compound 13 to 21740.55 g/g of Compound 8, this latter being
the highest one. This trend becomes comprehensible considering that the more synthetic steps are
required for manufacturing a specific reactant, the more previous waste is involved in the final
calculations. However, EFs are not only influenced by previous waste or mass of reactants, but also
yields of reactions play an important role on material efficient consumptions, since these calculations
are made on gram-of-target molecule basis. Accordingly, water-excluding EFs proved to decrease for
compound 9 and 10, compared to their previous intermediate (compounds 19 and 9, respectively),
despite the necessity of more complex reactants. This trend can be understood considering the high
reaction yield obtained in both processes (98% and 100% efficiency, respectively). In fact, increasing
yields correlate with larger amounts of product, which, in turn, translate in lowering of waste per gram.
Compound 10 exacerbates this trend since the high yield is supported also by a lower depletion of
previously synthetized reactant (which correlates with the reduction of previous waste).

As shown in Table 2, for the water-including EF values, water plays a relevant role in reducing
efficiency in material preparation. Indeed, the EF of the one-pot C-H activation route approach
demonstrated to be less influenced by water considerations. Divergence in EF values among the water-
included and the water-excluded outcomes amplifies with the progressively increasing complexity of
the molecules. Interestingly, results underline that even processes which do not involve depletion of
water, like manufacturing of compounds 1 and 8, exhibit dissimilar EFs. The reason arises from
previous steps contribution in water consumption, proving again how EF, if suitably implemented, can
represent an efficient instrument in molecular analysis recording memories of previous processes. The
convergence of the EF values both in water inclusion and water exclusion for product 18, instead,
becomes obvious considering that water was not depleted in the process and the target molecule was
produced only through commercially available reactants.

Finally, the EF values for TTZ5 show a direct correlation with the high values obtained for
intermediate 6, since the final step of the synthesis is substantially identical for all routes. Regarding
the overall yield for manufacturing TTZ5 starting from compound 12 (Scheme S1), values of 4.90%
and 3.75% are obtained for the C-H/Stille route and for the one-pot C-H activation route, respectively.
In general, a significant improvement is obtained if compared to the original Suzuki-Miyaura route
featuring a 0.81% overall yield. Comparing the two new synthetic protocols, the one-pot C-H activation
route exhibits an inferior yield and higher EF values, despite an inferior number of reaction steps. The
best explanation of this trend arises from the lower yield of production of the aldehydic precursor 6
using the one-pot C-H activation route (26%), in comparison with the overall yield of the conversion
of thiazolothiazole 1 to precursor 6 using the C-H/Stille route (33%).

Concerning the overall financial burden in manufacturing TTZS, it should be highlighted that costs are
related not only to commercially available reactants, but also to intermediates which need to be
previously synthetized. Table 3 reports the calculated overall costs for all synthetic routes. Details
concerning the estimated cost of production of each intermediate are reported in the SI.

Table 3
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The higher efficiency of the two new procedures resulted in a lower cost of the final product. Indeed,
the cost of 3497.85 €/g calculated for the original process has been largely reduced to 850.11 and
1118.41 €/g for the C-H/Stille route and the one-pot C-H activation route, respectively. Again, this is
related to the strong improvement of the Pd-catalyzed processes. Indeed, the most expensive steps in
the previously reported synthesis were both the desymmetrization of diiodide 2 (cost of compound 4 —
1729.07 €/g) and the introduction of the acceptor moiety (cost of compound 6 — 3496.62 €/g), while
desymmetrization of compound 1 was the most expensive step for both the C-H/Stille route and one-
pot C-H activation route (800.70 and 1082.19 €/g, respectively). Furthermore, among all the reagents
used to introduce the donor group, boronic ester 3 was the most expensive one (cost of compound 3,
281.91 €/g vs. 88.03 €/g for Compound 9 and 75.25 €/g for Compound 10).

Comparing the two optimized procedures, avoiding the use of reagent 10 and the preparation of
compound 8 should have contributed, in the one-pot C-H activation route, to decrease the overall price
of TTZ5. However, synthesis of the aldehydic precursor 6 in such route involves significant expenses
due to the use of chromatographic purifications (costs for silica cartridge, petroleum ether and toluene
amount to 78.92 €/g with the solvent contributing the most). Conversely, producing compound 6 from
intermediates 10 and 8, as in the C-H/Stille synthesis, involved major costs due to the high-price of
production of these reactants, while compound 9 proved to be more economical. Starting material 1
was prepared following Scheme S1 from inexpensive reagents 13 and 14, in turn prepared from
commercially available very simple starting materials. On the other hand, compound 18 (Scheme S2),
despite being obtained from commercially available chemicals, was responsible for a higher cost,
mainly due to the need to isolate it through dedicated purification procedures.

Despite the general trend observed, that costs rise when more complex intermediates are used, this was
not observed in the case of compound 19 and 10. In this case, the simpler compound 19 (95.75 €/g)
appears more expensive than compound 10 (75.25 €/g)(see SI), due to the fact that the latter is prepared
by means of very efficient reaction steps and using inexpensive reagents.

Finally, most of the calculated costs of compounds 1 and 8 are due to the use of not commercially
available precursors, which need to be prepared and purified by chromatographic procedures (41.06
€/g and 82.64 €/g represent the total cost of purification procedures for compounds 1 and 8,
respectively). Therefore, the economic burden is brought about first by the amount and complexity of
employed intermediates as reactants, secondly by chromatographic costs and only in minimal part by
commercially available reactants expense (with rare exceptions). Solvents for washings also contribute
in enhancing the price per gram of the target molecule.

Table 4 reports the Eco Scale calculation outcomes. According to the definition of this semi-
quantitative tool, results show a less negative value of Eco Scale for the one-pot C-H activation route
approach, which correlates with improved human health and ecological compatibility.

Table 4
Penalty points for any single intermediate are provided in the SI. Regarding the score of the original
Suzuki-Miyaura route, it should be noted that it is highly affected by the very low overall efficiency of

the whole process, despite the penalty points pertaining to compound 2, 3 and 4 are lower than those
calculated for compounds 8 and 10. The enhancement of 95.42 points in Eco scale between the C-
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H/Stille route and the one-pot C-H activation route represents a very interesting outcome since many
common synthetic steps are shared by the two processes. This means that, according to the sensitivity
of this green metric, some improvements are actually achieved in the one-pot C-H activation path,
resulting in a decreasing of penalty points due to the lower number of reaction steps used in that
process. Shortening a reaction path usually implies a reduction in the need of possible hazardous
chemicals, special technical setup, temperature adjustment protocols as well as workup and purification
steps. A strong contribution in this case is due to the possibility of avoiding the preparation and use of
compound 10, which results in a reduction of penalty points of a value of 56.

Low penalty points are also found for the syntheses of products 9 and 14. Accordingly, the procedures
used require few reagents, no temperature changes (the processes are carried out at room temperature)
and avoid chromatographic purification, the most environmentally impacting procedure. In the case of
compound 9, a great portion of penalties is due to the use of dry chloroform and N-bromosuccinimide,
which are both toxic chemicals, while in the case of intermediate 14 penalties come mostly from the
need of using diethyl ether, a toxic and highly flammable solvent, and of cooling the reaction mixture
to 0°C. All these factors negatively affect the Eco-scale score. Conversely, production of compound 8
has an acceptable environmental impact, which is once again mostly due to an efficient
chromatographic purification protocol.

The most polluting processes involve the production of compound 18, 19, 16, 10 and 1. Penalties on
intermediate 18 arise from of the need of using some hazardous reagents such as toluene, 1-hexanethiol,
ethyl acetate, which are toxic and flammable, and 1,10-phenanthroline and copper iodide, which are
toxic and dangerous for the environment. For each of these substances, having a double hazard symbol,
penalty points should be doubled, thus contributing with a value of 10. In the case of compound 19, in
addition to toluene and diethyl ether, also aniline needs to be used, which is again classified as toxic
and dangerous for the environment. Need of purification by column chromatography also downgraded
the sustainability of its preparation. The most environmental impacting chemical of all the procedures
is a 1.6 M solution of n-butyllithium in hexane, which is toxic, flammable and dangerous for the
environment, and is used to prepare compound 16, thus contributing with 15 points to the overall
penalties for such intermediate. The same solution was also used to prepare intermediate 10, but in this
case lower penalty point are found thanks to the elimination of purification steps. Finally, the impact
found for compound 1 is mainly due to chromatographic purification steps, microwave irradiation and
the need to use n-butanol and THF, which are both classified as toxic and flammable, as well as
chloranil, which is toxic and dangerous for the environment.

The last step for the preparation of TTZS has been purposely excluded in the above detailed analysis,
since it is performed almost in the same way in all the three procedures. However, detailed analysis on
TTZ5 shows that most penalties do not arise from the specific conditions used in the Knoevenagel
condensation, but rather from consideration on the overall yield of the synthetic sequence. Specifically,
in both routes only 23 penalty points are calculated, which attests to a good Eco-scale value.

Finally, it should be considered that the lower impact of the one-pot C-H activation process derives not
only from the lower number of reaction steps, but also from slight improvements in the synthesis of
the precursor 6, comprising optimization of work-up and purification methods, avoidance of
temperature adjustments steps and use of a less complicated technical setup.

In summary, we can conclude that most of the penalties for TTZS production arise from safety
concerns due to the use of some hazardous reagent. This means that the substitution of some reagents
with greener alternatives would mostly minimize ecotoxicological impact, according to the Eco scale
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metric. Further improvement of green metric should originate from a careful choice of purification
processes, i.e. minimization of column chromatography procedures and reduction of the amount of
washing solvents. Costs, on the other hand, do not affect sustainability to a large extent. In this context,
a specific attention should be put in limiting special technical setup requirements, reaction time and
temperature adjustments steps.

A deeper assessment of the environmental sustainability of the synthetic routes for TTZ5 production
has been accomplished through the implementation of LCA. Figure 3 reports the eco-profile single
scores comparison for all the compounds generated via the two alternative synthetic routes and the
original one. It is evident that the eco-profiles of reactants and compounds generated by the C-H/Stille
route and the one-pot C-H activation route perform better than those obtained via the original Suzuki-
Miyaura route. More in detail, the analysis of the diagrams immediately reveals the major issue
affecting the one-pot C-H activation procedure: in order to obtain 1 gram of the final product TTZS5,
the mass balance principle required in LCA calculation leads to the demand of larger quantities of
reactants, chemicals and solvents. This is mainly due to the reaction yield of the penultimate step (26%
for the formation of compound 6), for which a higher global single score (15.69 mPt) is obtained
compared to the corresponding result in the C-H/Stille Route (2.08 mPt) due to the need of a larger
amount of aldehydic precursor. Furthermore, this trend, although less pronounced, is present along the
whole compound series in the one-pot C-H activation path.

Figure 3

The analysis of any single contributions highlights that electricity, solvents and metals are the major
responsible of the environmental burden on all the impact categories. For instance, concerning solvents,
the largest contribution on the single score value is given by toluene, with a consumption of 37.4 kg/g
for the Suzuki-Miyaura route, 9.13 kg/g for the one-pot C-H activation route and 5.25 kg/g for the C-
H/Stille route. This outcome highlights an interesting aspect of the revision of the manufacturing path
via a one-pot direct arylation protocol (see SI): removal of the synthetic step for the isolation of
compound 8 allows saving 1.3 kg/g of toluene, but this positive effect is totally counterbalanced, and
even surpassed, by the quantity of toluene required to produce compound 6 directly from 1, via the
one-pot C-H activation route, due to the column chromatography carried out for purification (1.5 kg/g).
Similar considerations can be expressed concerning the use of catalysts (palladium complexes) that
affects mainly the impact category Acidification: compared to the 4.12 - 10 kg of Pd consumed
for the Suzuki—Miyaura route, a consumption of 7.94 - 10~ kg is required for the
one-pot C—H activation route, while the C—H/Stille route performs even
better, as only 4.04 - 10~ kg of metal are necessary.

Another important insight that can be derived from LCA calculation is the amount of direct and indirect
energy consumption relative to the TTZ5 production. In Figure 4, the CED indicator is used to show
differences in terms of energy consumption between the three alternative synthetic routes. In general,
a substantial improvement in the CED indicator performance is obtained compared to the original
Suzuki-Miyaura route.

Figure 4
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In particular, for the C-H/Stille route, a consumption of 246 MJ (68.33 kWh) of electricity is required
per gram of final product, while the energy embedded in all raw materials used accounts for 924 MJ.
For the one-pot C-H activation route, these values increase, with a value of 563 MJ (156.38 kWh) of
electricity required per gram of final product and 1417 MJ of energy embedded in all raw materials
employed (see SI). Concerning the direct energy consumption, in the one-pot C-H activation route a
portion of almost 30% (22.7 kWh) is relative to the generation of compound 6 (which requires stirring
at about 100°C for 48 hours). Thus, from the LCA calculations we can claim that the difference in
terms of CED between the two reaction paths is almost completely due to the global requirement of
electricity and solvent (mainly toluene) which are necessary for the production of intermediate 6.
Possibly, a positive effect could be obtained if, with the same experimental setup, a larger amount of
reactants and auxiliaries could be used thus producing more TTZS for each reaction cycle. Indeed, a
simplified sensitivity analysis on direct energy consumption conducted on the penultimate step allowed
to highlight that an improvement of almost 2.5 mPt in the global single score value could be obtained
if the electricity requirement for the preparation of compound 6 could be decreased up to 15 kWh.

4 Conclusions
In this work, two innovative synthetic protocols for the preparation of organic dye TTZ5, which has

been successfully employed as a sensitizer for manufacturing DSSCs, are reported. The procedures
rely on two different approaches based on a C-H activation/Stille cross-coupling sequence or on a one-
pot double C-H activation sequence, and have been optimized to allow the production of TTZ5 in gram
scale. A mass-based green metrics and LCA combined approach has been employed to investigate the
environmental sustainability of those two alternative synthetic routes, compared to the original TTZ5
synthesis based on a classic Suzuki-Miyaura cross-coupling.

The comparison of the green metrics and LCA results highlights how both the new procedures allowed
to complete the synthesis of the dye TTZS5 in a more sustainable way than the previous one, considering
the inferior production of waste, the lower costs and a smaller environmental impact. Despite a higher
number of steps, the C-H/Stille route revealed to be more sustainable than the one-pot C-H activation
one: this outcome is mainly highlighted by EF values and global LCA single score results (23.97 mPt
and 47.35 mPt for the C-H/Stille route and the one-pot C-H activation route, respectively), even if the
employment of toxic and/or flammable reagents such as n-butyllithium and tin-containing materials
raised its Eco-scale value (—470.55 vs. —375.13 for the C-H/Stille route and the one-pot C-H activation
route, respectively). In particular, the application of LCA showed that the drawback of the one-pot C-
H activation route procedure is represented by raw material inputs for the chromatography setup: even
though the number of purification operations decreases, the use of larger quantities of solvents
significantly influences the environmental profile of the process, which is also strongly affected by the
electricity consumption. However, despite the differences in the environmental profile of the two
procedures, the possibility of carrying out the complete functionalization of TzTz 1 in just one step
through two consecutive C-H activation reactions makes the one-pot route more attractive, from a
synthetic point of view, for a lab scale preparation of TTZS. In addition, such approach allows the easy
and versatile synthesis of new potential thiazolothiazole-based dyes, since a rapid screening of new
substituents could be easily performed by changing the donor and/or acceptor groups. However, the
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outcomes of the present study and, in particular, the most relevant LCA results should be carefully
taken into account to guide the preparation of new photosensitizers.

The analysis performed in this work demonstrates the benefit connected with the use of LCA in
environmental sustainability assessment for obtaining a trustworthy evaluation of the eco-profile of
products and processes, also at lab scale. Indeed, the intrinsic less comprehensive nature of green
metrics could in some cases represent a limiting factor, especially in detecting crucial issues concerning
the use of resources and energy.
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Table 1. Comparison of the three alternative routes for the preparation of TTZS in terms of yield, number
of steps and required chromatographic purifications.

N° ch t hi
Route Yield (%) N° Steps? s rcfrrla c')grap =
purifications®
Suzuki-Miyaura 9% 4 (+1)° 2 (+1)b
C-H/Stille 32% 3 (+1)° 2
One-pot C-H
ne.po . 25% 2 1
Activation

2 From compound 1 to final product TTZ5. ® In comparison with the One-pot C-H Activation Route, one step more is
necessary for the preparation of the organometallic reagents (boronic ester 3 and stannane 10 for Suzuki-Miyaura
Route and C-H/Stille Route, respectively).

Table 2. EF results for the C-H/Stille route and the one-pot C-H activation route procedures compared
to the original Suzuki-Miyaura route

Product Suzuki-Miyaura Route C-H/stille Route One-pot C-H
Activation Route
EF Water | EF Water Included | EF Water | EF Water | EF Water | EF Water
Excluded Excluded Included Excluded Included
Compound 13 27.31 29.23 27:31 29.23 2731 29.23
Compound 14 47.92 52.09 47.92 52.09 47.92 52.09
Compound 15 562.50 600.02 562.50 600.02 562.50 600.02
Compound 16 1906.86 2000.38 1906.86 2000.38 1906.86 2000.38
Compound 1 7773.36 7971.50 7773.36 7971.50 7773.36 7971.50
Compound 2 6354.72 6513.72 - - - -
Compound 8 - - 21307.58 | 21740.55 |- -
Compound 18 405.79 405.79 405.79 405.79 405.79 405.79
Compound 19 1950.84 2018.41 1950.84 2018.41 1950.84 2018.41
Compound 9 1817.77 1962.55 1817.77 1962.55 1817.77 1962.55
Compound 3 5712.83 6509.90 - - - -
Compound 4 49103.81 50238.93 - - - -
Compound 10 - - 1583.55 2271.85 - -
Compound 6 94719.08 96737.07 19080.93 | 20240.26 |28873.89 | 29630.5
6
TTZ5 93815.76 96384.21 20654.34 | 26505.92 | 28924.85 | 30250.2
6
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Table 3. TTZ5 price estimate results for the C-H/Stille route and the one-pot C-H activation route
procedures compared to the original Suzuki-Miyaura route

Product | Suzuki-Miyaura Route C-H/stille Route One-pot C-H Activation
Route
Synthetic step total | Compound cost | Synthetic step total | Compound cost | Synthetic step total | Compound cost
cost (€) (€/a) cost (€) (€/a) cost (€/a)
(€)
TTZ5 2413.52 3497.85 586.58 850.11 771.70 1118.41

Table 4. Eco Scale results the original Suzuki-Miyaura route, the C-H/Stille route and the one-pot C-H
activation route

Synthetic Route Eco Scale Rate
Suzuki-Miyaura -474.59
C-H/stille —470.55
One-pot C-H activation | =375.13
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HyCsS H11C5 CsHyy
N
S,
\

Hy3C6S 16} o)

Hy4Cs5 CsHyy

Figure 1. Structure of dye 1125

PV Module Production

Raw materials and Manufacturing phase Assembling Phase
energy production phase (Materials synthesis,
components fabrication)

BACKGROUND SYSTEM

FOREGROUND SYSTEM

o s
S o

Support Material
Semiconductor
Dye

Electrolyte
Counterelectrode
+ Raw materials
+ Energy

—— - System Boundaries - «Suzuki-Miyaura Route» synthesis

Functional Unit (1 gram of product) — «C-Hystille Route synthesis
—_— «One-pot C-H Activation Route» synthesis

Figure 2. PV module production process: sketch of the synthetic routes and system boundaries of this
study

PAGE \* Arabic \*
MERGEFORMAT 4

99



Running Title

m Climate change u Ozone depletion = Human taxicity, non-cancer effects
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Suzuki-Miyaura Route C-H Stille Route One-pot C-H activation Route

Figure 3. Single score results for the original and the two new procedures (LCIA method: ILCD 2011
Midpoint+ V1.10 / EC-JRC Global, equal weighting)

1 CED embedded ' CED direct energy

Suzuki-Miyaura route

One-pot C-H activation route

C-H/stille route

0 1000 2000 3000 4000 5000 6000 7000
L]

Figure 4. CED indicator results for the original and revised procedures
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Hq4C, HyC
15 CoHyy Y5 CoHy St e

Pd(dppf)Cl, (15 mol%)
NIS (2 5eq.) N S KF (5.0 eq.)
1 %27 ’Iz g
CHCIafAcOH 11 S~ N Tolue:]e!EtOH
r, 16 h 78°C,7h

93% 18%

H11Cs™ C.Hy, 1 H1Cs Ceyy 2

SCeHss csH,,s\Q /©/scem,
N

H 5(1.5eq.)

I 1% sy Pd(dppf)Cl (5.0 mol%)
/@/ o/AS KF (6.0 eq.)
CgH,5S s N__S Y] Toluene/MeOH, By
| )y~ I p— MW, 70 °C, 30' 7
o s~N s ’ } £
o 57%
S :

H11Cs" CoHy, 4
7\
SCeH1s OHC/Q\B(OH)z
5
Hi1Cs H, o
N r_\g 511 Cyanoacetic acid (10 eq.)
AcONH, (4.0 eq.
. S/@( ) L40e0)
L S, N=-S. ) Toluene/AcOH
| )< I P | 110°C,6h
S N S S,
o} | p—CHO 9%
H11Cs" c oy, g

Scheme 1. Functionalization of TzTz 1 with donor and acceptor groups through Suzuki-Miyaura
cross-couplings.
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T

7(1.0eq.) 9 (0.67 eq.)
Conditions A Conditions A
85°C,20 h H..C 95°C,6h
™5 CsHyy 1
40% 57%
SCeH13
HyC
1% c.H,,
H4,C
” [e} N 11v5 CSHH
s N—s_ ) e} /@/ OHS
4
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o, o pRaesa
H
o]
H11Cs CsHyq
8 11 (+ unreacted 1)
H11Cs CsHy4
SCgH
9(15eq) e
Conditions A
7(1.0eq.)
0% HyCs CH Conditions A
N st 90°C,24 h
Conditions B o
CgH3S S Ne.'s fo) 50%
82% | y I / |
/
o ¢ s\ s S
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H1Cs” C4Hy,

CsHmS\@\ /©/3C6H|3
N

Br

0.

OHC g

R

9 (R=8Br)
10 (R = SnBu3)

Conditions A: Pd(OAc), (5.0 mol%), CataCXium A (10 mol%),
pivalic acid (30 mol%), K,COj3 (1.5 eq.), Toluene

Conditions B: 1) NBS (1.0 eq.), CHCIy/AcOH, - 15 °C, 10; 2)
10 (1.5 eq.), Pd(PPh;),Cl, (5.0 mol%), Toluene, 100 °C, 3 h

Scheme 2. C-H activation/Stille-Migita route (

on the left) and C-H activation route (on the right) for

the conversion of the starting material 1 to the advanced intermediate 6.
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SCgHy3
Hy1Cs CsHyy
/)3 9(15eq) 7(20¢eq)
o Pd(OAc), (50 mol%)  Pd(OAc), (5.0 mol%) HiCs
Hos s__N ) O CataCXium A (10 mol%) ~CataCXium A (10 mol%) N sHig
H-CI—0 - e g
oj’\g_< NT=8 STy CH,COOH (30 mol%)  -BUCOOH (30 mol%) CeHisS s S__N )
o] K,CO; (1.5 eq.) K,CO5 (1.5 eq.) | 4 I N—a
Toluene, 95°C,24h  Toluene, 110°°C, 24 h - 4 N~s s
Hy:C.
115 CEH“ 26%
1

S,
o] | p—cHo
H1iCs" b,y 6
Scheme 3. One-pot C-H activation route for the conversion of the starting material 1 to the advanced

intermediate 6.
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